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THEME 


The purpose of the Symposium was to convene Specialists in Physics of the atmosphere 
engaged in the study of energy transfers in the form of waves in a neutral medium and 
Specialists in Electromagnetic Wave Propagation concerned with the corresponding modific¬ 
ations of the electric characteristics of the medium and their effects on Electromagnetic 
Waves. 

The contribution of radioelectric techniques to the understanding of waves excitation 
and propagation in a neutral medium and inversely, the known or predictable effects of such 
waves on the propagation of electromagnetic waves in a disturbed medium were of concern. 

Acoustic gravity waves of every origin, either natural or artificial, were within the scope 
of the symposium. In principle, the spectrum was limited to that of gravity waves, the 
periods of which range from a few minutes to a few hours, and of acoustic cr infra-sound 
waves with periods below a few minutes. Atmospheric tides and oscillations on a planetary 
scale were regarded as marginal. 

The range of frequencies contemplated for electromagnetic waves could vary from a few 
kilohertz to a few gigahertz. 

All the radioelectric techniques likely to provide information on the structure and dynamics 
of acoustics gravity waves fitted the scope of the symposium. The present status of experi¬ 
mental and theoretical knowledge gained owing to these techniques was reviewed. 

As regards propagation, such effects as amplitude or phase variations, fluctuations in the 
directions of arrival, the generation of abnormal modes and focusing, were considered, and 
their impact on telecommunications examined. 

The program has been divided in five sessions. 

SESSION i Acoustic gravity waves in the neutral terrestrial atmosphere 
SUBSESSION I A Natural sources and propagation. 

SUBSESSION 1 B Artificial sources and propagation. 

SESSION II Coupling between the ionised alinospiieic and tbe neutral atmespnere di»*".'beu 
by acoustic gravity waves. 

SESSION III Radio electric studies on acoustic gravity waves in the neutral and ionized 
atmosphere. 

SESSION IV Influence of acoustic gravity waves on the propagation of electromagnetic waves. 
SESSION V Summaries recommendations and future investigations. 
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TECHNICAL EVALUATION REPORT 


■ on 

AGARD SPECIALISTS' MEETING 
on 

EFFECTS OF ACCOUSTIC GRAVITY WAVES ON ELECTROMAGNETIC WAVE PROPAGATION 

by 

P. HALLEY 


1. Introduction 

The meeting, sponsored by the AGARD Electromagnetic Wave Propagation Panel, was 
held at the Roter pavilion, The Kurhaus, Wiesbaden, Federal Republic of west Germany, 
from 17 through 21 April 1972. 

The Technical program was discussed and finalized by the program committee, which 
convened on several occasions prior to, and during the Meeting. Among the decisions 
made, it should be pointed out that a classified session (Session IV, classified up to 
the Secret level) had been planned to take place in the afternoon of 20 April, 
simultaneously with an unclassified Session IV on the same topic "Influence of Acoustic 
Gravity Waves on Electromagnetic Wave Propagation". 

After discussion, the Program Committee decided to cancel the classified session 
and to have all the papers presented in an unclassified session, with limited or 
shortened oral presentations if necessary. 

The purpose of this report is to provide a condensed review of the results of the 
meeting, and to stress the points on which light was thrown, as well as those which 
remained obscure or uncertain. 

During Session V, entitled "Summaries, Recommendations and Future Investigations" 
general comments were presented on each of the first four sessions. These comments 
were gathered in the report on Session V byi 

Prof. H.VOLLAND, for Session IA 
Dr. 8.L. MURPHY, for Session IB 
Dr. K. DAVIES, for session II 

Prof. I. RAN2.I and Dr H. RISHBETH, for Session III 
Dr. H. RAEMER and Dr. D. NIFL3GN, for Session IV 

Therefore, this report is only a supplement and a conclusion. 

2. Specialists' Meeting 

The purpose of this Meeting was essentially to gather atmospheric physics 
specialists engaged in the study of energy transfors in wave form through a neutral 
medium, and electromagnetic wave propagation specialists concerned with modifications 
in the electric characteristics of the medium. As far as this objective Is concerned, 
the meeting may be regarded as a success, and each participant of either group was 
provided with an opportunity to be informed of the problems with which the other group 
is faced, and of possible solutions. In short, the airr. in view was to pass on from the 
medium of characteristics such asj pressure, temperature, gas velocity, etc. to such 
characteristics asi electron density, ion density, number of shocks per time unit, etc. 
Evidently, as there is only one medium, all the characteristics involved in the various 
energy transfer equations are to be considered simultaneously to study disturbing 
acoustic gravity waves. 

Electromagnetic propagation through the atmosphere involves only the ej.ect.rlc and 
magnetic characteristics of the medium which are present in Maxwell equations and In 
associated equations necessary to the solution of a problem. Tills problem seems to be 
more simple than the general problem of atmospheric waves, and is correctly solved, as 
demonstrated by thousands of experimental observations. 

For this reason, radioelectric techniques constitute a very important and practical 
means of investigating neutral wave excitation and propagation conditions. (A considerable 
part of our experimental knowledge on neutral waves is derived from observations based on 
radioelectric wave propagation). 
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3. Analysis of the subject 

In brief, the succession of research operations was based on the knowledge ofi 

a, acoustic and gravity wave sources 

b. acoustic and gravity wave propagation, whether the process involved is 
linear o t non-linear. 

o. the effect of acoustic or acoustic gravity waves on the electric character¬ 
istics of the medium and of the electric model of disturbed atmosphere which it is 
possible to schematize. 

d. radioelectric propagation through a disturbed medium. 

e. techniques for improving radio communication equipment and their use, 
when the atmosphere is disturbed by A. or A.G. waves. (This final and practical point 
being the most important). 

3.1 in actual tact, many natural sources of A. and A.G. waves were identified, among 
which auroral discharges which heat up the atmosphere and move sometimes at supersonic 
speeds, carrying along associated waves. (R.C. COOK, paper 3; G.R. WILSON, paper 6) 

Among the artificial sources, nuclear explosions in the atmosphere are the most 
important. For a low altitude explosion, the upward shock wave generates acoustic waves 
and, owing to a complex non-linear process, acoustic gravity waves (B.L. MURPHY and 
S.l, KAHALAS, paper 10). A noise ring, acting as a secondary source of short period 
waves seems to be generated at an altitude ranging from 85 to 95 km (J. ROCARD, paper 11). 
Lambs atmospheric edge mode excitation seems to make a considerable contribution to the 
first or first two cycles of acoustic gravity waves produced by an explosion at ground 
level (J.W. POSEY and A.D. PIERCE, paper 12). 

Several authors reviewed the results of calculations carried out by J.S. GREENE 
and W.A. WHITAKER on the basis of NEWTON'S equations. 

Therefore, the time and space source functions appear to be fairly well understood 
in the two particular cases of the auroral curtain and of low altitude energetic 
explosions. 

3.2 Although it is very complex, the linear theory of A.and A.G. waves is now advanced 
enough to be applied to an isothermal or rion-isotnermal atmosphere. WHITHAM'S kinematic 
theory is a valuable complement to the classical theory, since it permits an easy 
calculation of trajectories. 

Non-linear phenomana pose much more serious problems. 

3.3 The coupling of neutral and ionized gases is expressed by coupled hydrodynamic 
and ionic motion equations which must be fulfilled simultaneously, without disregarding 
non-linear effects (J. KLOSTERiIEYER, paper 14 and N.J.F. CHANG, paper 13). For the 
time being, it seems difficult to state which is the prevailing physical process in each 
case, and how its written expression can be simplified to develop a theory easier to 
handle. 


Travelling ionospheric disturbances (TID5) are observed and analyzed by many authors, 
among whom, G.B. GOE, [>aper it,, reports on the effect, at the F region altitude, of wind 
configurations associated with tne jet-stream. At the altitude of the tropopause, G. A. 

MOO and A.D. PIERCE, j>aper 17, who observe and explain the oscillations of the ionosphere 
during periods of stormy activities. D.P. KANELLAKOS and R.A. NELSON, paper 19, who 
demonstrate experimentally the validity of GREENE'S and WHITAKER'S hydrodynamic 
calculations. 

However, it must be stated that models of neutral and ionized atmospheres disturbed 
by A. and A.G. waves generated by the various identified sources either do not exist yet, 
or are far from complete. 

3.4 In a disturbed atmosphere, represented by a simple model, it is possible to 
calculate the propagation of radio waves in the H.F. band either by ray tracing 

(P. GEORGE, paper 32) or by an all wave method (K. RAEMER, paper 31). Further ray tracing 
calculations in an ionosphere disturbed by atmospheric gravity waves provide the Held 
amplitude at reception (taking account of periodical locucinq) and the azimuth deviation 
(J. ROTTGER, paper 33). It is also possible to determine experimentally the detailed 
structure and the motions oi TIDE, by tht short duration pulse technique (pulses shorter 
than a microsecond) (G. '. LKRFALb, R.H. JURGENS, and J.A. JOSEl.YN, paper 34). This 
practical technique seems to be very promising. 

I believe this particular area oi research could lx? developed Iron both theoretical 
and exixrlmental viewpoints. 

3.5 papers providing (formation on the techniques for improving radio transmissions 
when the atmosphere is disturbed by acoustic and acoustic gravity waves were very scarce. 
This qap was duly stressed oy the SHAPE Technical Center representatives. However, a tew 
data of a practical nature were presented bv n. NIELSON, paper 39 and p. HALLEY, paper .36. 
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These data were ltn.ited to the effects of nuclear explosions on H.F. radio 
eoninunicattons. They were ot a very general character, and qualitative rathet than 
quanti «-atl ve» 

We «re etill far from having mastered a good knowledge of the electromagnetic 
energy transfer junction between two distant points. 

4 . Conclusions 

The Wiesbaden technical meeting has provided new elements on the understanding of 
atmospheric acoustic gravity waves end their effect*, considerable advances have been 
made since the first conerent document which, as far as I know, was published on this 
subject under the tltlei "Acoustic Gravity Waves In The Atmosphere", Symposium 
Proceedings, Boulder, Colorado, July 1966. 

It may be concluded that the model representing a quiet ionosphere through which 
winds and tidal waves are moving should be completed by the addition of natural 
atmospheric acoustic gravity waves which, on certain days and at certain times, modify 
the slopes of isoelectronlc surfaces, disturb raejtinusn electron densities, modulate 
absorption in lower layers and generate focussing. 

All those phenomena ore of interest to the user of radio communications (especially 
in the H.F. bandwidth), who is still far from deriving the maximum benefit from natural 
propagation possibilities. 

Investigations on acoustic gravity waven and their consequences upon radio 
communications can lead to detailed short term predictions of Ionospheric propagation 
conditions in a given geographic area. 






Pxpport. U'*valugtion technique 
ite 

la reunion de specialistes de .1 *AGARU 


"Les effets des ondes acoustiques et de gravite atwospheiiques 
sur la propagation de l'onde electromagnetique" 

par 

P. liALU-Y 


1. Introduction 

La reunion organise*! sous l'^gide du group* de travail "Propagation de l'onde electromagnetique 
de l'AGARD" a £t£ tsnue au Roter Pavilion du Kurhans de Wiesbaden, Ripublique Federale d'Ailemagn/t, 
entre le 17 et le 21 avril 1972, 

Le programme technique a iti discute et nil au point par le comite du programme, qui s'eut reuni 
A differentos reprises avant et pendant le aymposium, Parni les decisions prises, il convient. de signa¬ 
ler qu'une Session IV classifies (juflqu'A Secret) avait ete privue pour le PO avril, dans 1 'aprJs-eiidi, 
en m*me temps qu'une Session IV non claasifiee, sur le m®me sujet ; "Influence des ondes acoustiquea 
et de gravite sur Is propagation des ondes electromagnetiques, 

Aprds discussion, le c-vsite du programme a decide de supprimer la session claasifiee et de pre¬ 
senter, en session non classifiee toutes les conmunications orales, si necessair* limitA-es ou eccur- 
teos dans leur presentation. 

Le but du present rapport eut de fournir une revue tree condensee des resultats obtenus au couro 
de la reunion, pour signaler autant les points bien eclairs que les points restes ofcscurs ou incer¬ 
tains. 

La Session V, sous le titre "Sonroaircs, Reconsaandations et Recherches futures", a permls la pre¬ 
sentation ds cownentaires gen£raux sur chacnne des quatre premieres sessions, Le lccteur trouvera ces 
cceimentaires au papier V, rAdigts pour 

la Session I A par le Prof, H, VOLLARD, 

la Session I B par le Dr B,L, MURPHY, 

la Session II par le Dr K, DAVIKS, 

la Session III par le Prof, I, RARBI et le Dr, H, RISHBtTli, 

la Session IV par le Dr, RAiMLR et le Dr, D, RILLSON. 

Le present rapport n'est done qu'un complement et une conclusion, 

2, La reunion de specialisteB, 

Le but du symposiim etait, entre autres, de rSunir des spAcialistes de la physiaue de 1'atmosphere 
engages dans l'etude des transports d'fenergie en forme d'onde dans le milieu neutre et des spAcialistes 
de la propsgation de l'onde electromagnetioue que conoernent les modifications des caractfcristiques e- 
lectriques du milieu, Sur ce point, on peut dire que le symposium a ili une reuBsite et chacun des par¬ 
ticipants, apparteuant plus porticuliArement A 1'un des groupes, a pu prendre cotmaissance de la forme 
des problimes qui se poaent a I'autre groups et des solutions possibles, Ln bref, il s'agissait de 
passer en tout point du milieu des caractSrist iques telles que ; pressionj, temperature, vitesBe du gat, 
etc., aux caractSristiques telles que : density eiectronique, densitf iomque, nombre de cliocs par uni¬ 
te de ttaps, etc,, Bien entendu, le milieu etant unique ce sont, en principe, toutes les carecteristi- 
ques qui entrent dans let differentes Equations de trar.sfert d'inergie sous toutes ses formes, qui sent 
A considArer simultanAment pour l'etude des ondes perturbatrices "acoustiques et de'gravite". 

La propagation electromagnet ique dans 1'atmosphere n'inter esse que les carsctAr ist-iques fclectri- 
ques et magnetiques du milieu q-ii entrent dans les equations de Maxwell et dans les equations coaplA- 
mentaires qu'il est nAcessaire d'Acrire pour resoudre un problAme qui apparaft coitoe plus simple que 
ie problAme general des onaes de 1'atmosphere et qui eut bien resolu ccmtoe le montrent des milliers 
u 'observat ions experiment ales, 
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Pour oatta raiaoti, 1«» techniques radioAlactriques aont un moyan t.rAa important at cuamMde da 
recherchs daa condition! d'excitation at da propagation daa ondaa neutrma, (Ainai, urn grands part 
da nos conoaiaaancaa expAriaiantalas aur laa onnat nautraa jjrovisnt d'observer, ions utiliaant la pro¬ 
pagation daa ondaa redioAlectriquea), 

3, L'analyae du aujet, 

En icaaa, la auccaasion daa opAretiona da racharcha a'afractuait aur la connaiaaanca i 

i) - das sourcaa dap ondaa acoustiquee at da grav’tt, 

ii) - da Xa propagation daa ondaa aconatiquea at da gravitA air priaenca do procasoua linAaire* 
ot. non-lipAeirea, 

tii) - da l'cffst daa ondaa A ou A.Q. aur laa caractAriatiquas Alactriquea du milieu at du nodAlc 

Alectrique d'atnojphdra perturbAe qu'il aat possible dc schAaatisor, 

iiii) - da la propagation radioAluctrique dana la milieu perturbA, 

iiiii) - daa tachniquas daatinAaa A l'atoAl.ioretion dta matAriels da radioco—un,ication at do laur 
maploi, an prAaanca d'una atmoephAra agitAe pair daa ondaa A ou A.G,, 

(Ca darniar point fim^l at pratique Atant la plua important). 

3.1. En fait, da nombreuaes sourcaa naturellea d'ondaa A at A.G. ont At# identifies f pmrei lsiquelles 
laa dAchargaa auroralea qui Achauffent l'ataoaphira at parfoia aa dAplacant A vitasaa supcreoni- 
qua an entrainent daa ondaa d'accoatpagneiMnt (p.K, Cook papiar 3, G.P, Wilson papiar 6), 

Pami laa a our c as artificiallaa il faut. citer principal ament laa explosion* nuclAairaa dana 
1'atmosphere. Pour une explosion A basae altitude, l'onde da choc ascendants produit daa ondaa 
acountiquei at par un proceaaua non-linAairc complex* daa ondaa acouatiquea at d« gravitA 
(B.L, Murphy at S.L. Kahalaa,papiar 10), Una couronca de bruit vAritable source aacondaire d'on- 
dea de courts pAriqde aerait crAAe antra 85 at 95 km d'altitude (J, Rocard, papiar 11), L’exci¬ 
tation du mode tranchant da Lamb ipportera.it une contribution import ants an premier ou aux deux 
premiera cycle- das ondaa acoustiquee et de gravitA engendrAes par une explosion au niveau du 
aol (J.W. Poaey et A.D, Pierce, papier 12), ! 

Pluaieura auteur* sent revenue aur le rAault.at, des calcula effactuAa par J.S, Greene et 
W.A, Whitaker A purtir des Aquations de hevton, 

II appareft,done qun lea fonctions source, temporelle et apati'ale, aont approximetivewent 
saiaies dans lea deux caa particuiiera du rideau auroral et de l'exploaion AnergAtique A basae 
altitude, 

i I i 

3.2. 1* thAorie linAaire de« ondes A et A.C. bien qua ttAs complex* dans sa gAnAralitA eat, maintenant 
aaaez avai.cAe pour At re exploitable eb atmosphere iBotherme et non-iadtherre, La thAor.'.e cinAme- 
tique de Whithao vient domplAter ease* heujreusement la thAorie classique, en permettant un cal» 
cul facile de trajectoire. 

Lea phAnamAr.es pon-linAeires posent dea problAmeg beaucoup plus ardus, 

3.3. Le couplage entre le ga? neutve et le gaz ionisA ae traduit par l'Aqriture'd'Aquations couplAes 

hydrodynamique et ionique du mouvetnent, qui doivent Itre aimultanAment aatisfaites. sans nAgli- 
ger lea effeta non linAaire* (j, Klostirmeyer, papier lb - N.J.F, Chang, papier 13). Pour le mo¬ 
ment, il paraft difficile de dire quel est, dana cheque caa, le processus physique dominant et 
comment on peut allAger I'fcriture pour parvenir A une thAorie plus meniebie, ' 

Lea perturbations ionouphAriquc* it’nArantea (PII) aont constatAea et artalysAeB pnr ie nembreu- 
auteurs panel leaquelo nous citeyona : C..B, (X.e (papier 16) qui ronstate 1’effet aux altitudes 
de la rAgion F dea configurafionc de vert liAes au courent-jet A l’altitude de la tropopause, 

i 

C.A. Moo et A.O, Pierce (papier 17) qui constatent et expliquent dea oscillation! de 1'ionoaphSre 
pendant lea pAriodea d’activitA orageuse, 

O.P, Kanellakos et R.A, Nelson (papier 19) qui montrent par I'expArience lit validitA daa calcula 
hydrodyrusaiqt.es de Greene et VhiteLe* „ 

Cependant, il faut bien conatater qua let modAleu d’atfcoaphAre neutre et ionisAe perturbte par 
ler ondes A. et A.G, dea diffArentes sources identifies aont aoit ineziatante aoib encoro trio 
inccopleta, 

3. b. IHtna 1'atmosphere perturbAe, achAmatiaAe per un modele aimple, il eat poaaible de calculer la 
propagation dea ondes radio dana la bande H.F, aoit en trajectographie (P. George, papier 32) 
aoit par une mAthode toute orde (H, Raeaer, papier 31). H'autrea calcula de trajectographie dans 
unc ionosphere pert'urbAe par lea ondea de gravitA atmoaphAriquaa fournisaent I'amplitude du champ 
A la rAception (coopt* tenu dea focaliaationa pAriodiquee) et la dAviation en azimut (j, HBttger, 
papier 33). Il eat Agaleaent poasibie de dAterminer expArimentalement la structure fine et lea 
asouvimenta des P.I.I, en utiliaant la technique dea impulsions de courte durAe, infArieure A la 
aicroaecor.de (G.K, Lerfald, R.B, Jurgena, J.A, ooselyn, papier 3*»). Cette technique pratique 
paraft trAa prometteuae, 

A »on avis, ce domdine particulier de la recherche pourralt Atre dAveioppA tant par le calcul 
que par I’expArienoe. 
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3,5. La* papier* fournisaant ds* informations aur la* technique* a asiployar pour ajiCliorar la* radio- 
coanunicetions an prlisance d'une at.mosphdre ngitte par la* ondes accuser quae at acoustiquoa at 
da graviti i ont itf tria pau ncmiborsux, Cartta lacuna a <t t aQment soulign4* par la* r*pr<*entant» 
dit Sltapa Technical Center. Quelques information* pratiques ont capandant iti apportfa* par 
D, Mielsur (papiar 39) at P. Halley (priaentation oral* 36 ), 

Cea information* 4taiant uniquuaant relatives aux consequence* dea explosion* nucltaira* aur le* 
radiocosacnication* an Ji.F,. Kile* ytaient trJ* j#n<rales at plus qualitative* qua quantitative*, 

On eat encore tr^e loin d'une bonne connaiiaance de la fonction de transfert do l’tnergie 61oc~ 
tromagn^tique antre deux pointe dietanta. 

It. Conclusion*, 

La reunion technique da Wiesbaden a apportt de nouveaux eUsaant* *ur la connaiasance des onde* 
acoustique* et. d* gravity ataonph 6 riqu»#t de leurt effete, qui marquent un progrda important aur le 
premier document coherent public i, it connristance aur le eujat : 

"Acoustic-gravity vavea in the atmosphere", symposium proceedings, Boulder Colorado juillet 1968 , 

Ma conclusion est qua le module d'icncsphire calme pnrcourue par das vents et dea onde* de mar£e 
doit Ctre ccwpiyty par la presence d'ondes acoustique* et de gravity naturelles qui, cartains jour* 
ou ce.-ts.ine* he urea, modifiont les pentes des surfaces isoyiectrootqua*, porturbent les density* yiec- 
troniquas maximales, modular! 1 'absorption dons le* basses couches ct proroquent des focalisations, 

Tous ces phSncei^nes intyreasent 1'exploitant des moyens de radiocoamunicntion (tout particuliSre- 
ment dans la bande H,F,) qui eat encore loin de tirer le parti maximum des possibility* naturelles dc 
propagation, 

L'£tudc des ondes acoustiques et de gravity et de leurs consequences sur les radiocommunications 
peut conduire i une provision a court terme dytailiye des conditions de preparation ionosphyrique 
dans une region gyographique dyi.imitye pour cettc pryvision. 
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SCWMAIRL 


La propagation dee ondes radio dana 1'ionoEphire oat semblable * ceiit das ondes acoua- 
tiquea et da gravity dana 1'atmosphere neutre, I«a deux aiilieux sont aniaotropca at disperaifs, 

En outre, le profil de temperature dana 1. 'atmosphere rappelle dana une certains mesure celui de 
la dens it i dea electrons dans 1'ionosphere. La trajectographie pour lea ondea acouatiquos, revile 
1'existence de rayons hauts et de rayons beside zones de silence, etc. 
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ABSTRACT 


The propagation of radio waves in the ionosphere Is similar to that of acoustic gravity waveB In the 
neutral atmosphere. Both are anisotropic snd dispersive. Furthermore, the temperature structure in the 
atmosphere la somewhat similar to the electron density structure in the ionosphere. Ray tracing of 
acoustic waves exhibit high- and low- angle rays, skip tones, etc. 

1. INTRODUCTION 

Some participants at this meeting will be familiar with ionospheric radio propagation and not with 
acoustic-gravity waves whereas there are some who are mon; familiar with the propagation of acoustic- 
gravity waves than with ionospheric radio waves. This talk, is therefore, tutorial in nature and is 
designed to show that the two types of waves are similar in several respects. 

The analogies are emphasized by defining a refractive index for acoustic-gravity waves in terms of 
the local speed of sound C and comparing it with the Appleton equation for the refractive index of an 
ionized medium (Ratcllffe, J. A., 1959)- It will be shown that the acoustic cut-off frequency, <i> a , Is 
analogous to the plasma frequency, uu N , and that the buoyancy frequency, uu g , (also called the Brunt-Vaisala 
frequency) corresponds to the electron gyrofrequency ig, . Acoustic waves are similar to ionospheric radio 
waves on frequencies above the gyrofrequency whereas gravity waves are similar to whistlers (see Halliwell, 
R. A., 1963) which propagate on frequencies below the gyrofrequency. 

2. CHARACTERISTIC FREQUENCIES AND DIRECTIONS 

In a plane stratified and isothermal atmosphere the characteristic direction is that of gravity, 
whereas in the ionosphere it is the direction of the geomagnetic field. There are two characteristic 
frequencies for such an atmosphere. The first of these is the acoustic cut-off frequency u> a , which is the 
natural frequency of (compressions!.) oscillation of the entire atmosphere about its equilibrium state. The 
other characteristic frequency (the buoyancy frequency, tv g ) is the frequency of oscillation of a parcel of 
air about its equilibrium level. 

In a uniform neutral plaama containing a uniform external magnetic field, B 0 , the two corresponding 
characteristic frequenciea are the plasma frequency uq, and the gyromagnetic frequency % . The former is 
the frequency of oscillation of the electron gas when displaced from its mean position with respect to the 
heavy positive ions. The gyrofrequency is the frequency wit' which a single electron gyrates about the 
magnetic field. 

It is clear that <u a and uq, depend on the bulk properties of the respective media while uu g and uq, 
refer to elements of the media. 

As in ionospheric radio work we normalize the characteristic frequencies to the wave frequencies 
and use the symbols X and Y recommended by the International‘Scientific Radio Union (Ratcliffe, J. A., 1959) 
These symbols are defined in Table 1. The atmospheric symbolism is as follows: 


C, the speed of sound 

g, the gravitational acceleration, assumed independent of height 
H, the scale height 

V, the ratio of specific heats at constant pressure and c nstant volume. 


One difference between radio waves and acoustic-gravity waves is that in the former the characterise 
frequencies <d„ and u\, are independent, whereas the frequencies u> a and ui g are directly related thus: 


as a 

Y m g - *»'*-!>* • 


(I) 


Insertion of the diatomic value y - l.*t yields. 

2 5 

<r “ 0,92 us 


(2a) 

(■’b) 


Thus the buoyancy frequency in an Isorthermel atmosphere is necessarily less than the acoustic frequency. 

It is of interest to note here thefc in as? atmosphere with a uniform height gradient of temperature 
the acoustic cut-off uq and buoyancy frequency are given by 
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- » 4 » (1 ♦ 

2 If) 

(3) 

and 

“ • , 

Mfc " <a (1 4 

—H' ) 

Y-l 

(4) 


in whicn H' is the gradient of scale height. Under these conditions m* end axe equal when H'wO.18 
(see Tolstoy and Lau, 1970). 

3. REFRACTIVE INDICES 

The refractive index n for acoustic-gravity waves of frequency iu is defined by 



where v is the phase velocity and k the propagation vector (see Hines C. C., 1965). The refractive 
index formulas are given in Table 1 lri terms of the angle Y between the propagation vector k and the 
horizontal. 

The refractive index formulas are Identical for vertical propagation of acoustic-gravity waves and 
for transverse propagation of radio waves as axe the expressions for group speed. 

Refractive index curves are shown in Figure 1(a) and 1(b) for acoustic waves and HF radio waves, 
respectively. For X < 1 both families of surfaces are ellipsoids while for X •» 0 the surfaces are spheres. 
For values of X near unity the g ellipses axe highly elongated. In fact, for radio waves they degenerate 
to a line in the direction of the geomagnetic field, whereas for acoustic waves they degenerate to a point 
at the origin. 

On low frequencies (Y » l) there are marked similarities between gravity waves and whistlers as 
showr. in Table 2 and in Figures 2(a) and (b). From these figures it is seen that, in both cases the 
refractive index is greater than unity, the refractive index surfaces are hyperboloids and that propagation 
is limited to certain ranges of angles and frequencies (see Figure 3). The beaming properties of gravity 
waves are shown in Figure 4(a) and are similar to those of whistlers sketched in Figure 4(b) (Gallet, R., 

1563). 


A peculiar feature of both gravity waves and whistlers is the difference between the directions of 
phase propagation and energy propagation (ray direction). Since the ray direction is normal to the 
refractive index surface, upward propagation of phase is associated with downward propagation of energy 
and vice versa. On the other hand, for both HF radio waves and acoustic waves the vertical components of 
both phase and energy propagation are in the same sense. Thin can be seen from the expressions for a which 
are posioive in Table 1 and negative in Table 2. 

Another interesting feature is the reversal of senses of rotation of the elements of the luedia. 
Acoustic waves produce clockwise rotation of the air parcels whereas gravity waves produce an anticlockwise 
motion in the plane of propagation. In the radio analogy, ordinary waves on frequencies nbove the gyro- 
frequency cause electrons to rotate in a counterclockwise fashion looking along the geomagnetic field 
whereas the sense of rotation is clockwise with whistlers. 

4. RAY PATHS OF ATMOSPHERIC WAVES 

4.1 Ray Paths of Acoustic Waves 

Ray paths of acoustic naves in the earth's atmosphere illustrate some further similarities with high 
frequency radio waves. The U. S. I962 Standard Atmosphere, shown in Figure 5, is temperature stratified 
which gives it layered properties somewhat similar to the electron layers of the ionosphere. Acoustic ray 

paths in the model atmosphere are shown in Figure 6 which shows that for a given wave frequency (or period) 

waves can penetrate the atmosphere through an iris which is reminiscent of radio waves. The ray paths of 
Figures 6(a) and 6(b) illustrate the dispersion effects as the wave period approaches the acoustic cut-off 
period. The variations of ground ranges with take-off angles with the vertical (qi ■ 90-Y), see Figure 7, 
show the existence of skip zone3 - observations of which provided the first evidence of the temperature 
structure of the upper atraospnere (see for example Mitra, S. K., 1952, chapter III). Figure 7 also indi¬ 
cates the existence of high-angle and low-angle rays as in the case of radio waves (see Davies, K., 1969, 

section 12.3)• 

5. CONCLUDING REMARKS 

Although there are some similarities between the propagation of acoustic-gravity waves and 
ionospheric radio, there are basic differences which must be borne in mind. Some of these differences 
or e listed ir. Table 3. 
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Comparison of dispersion properties of atmospheric waves in an 
isothermal atmosphere and ordlnarj radio waves in the ionosphere. 
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TABLE 2 

Comparison of some formulas for gravity waves and whistlers. 


Characteristic 

Gravity Wave 


Whistler 

frequency 

•« < V) 

A 

<*’ < % 


Itlrectlon 

|*|< cob’ 1 (w/uj r ) 

|fi|< cob’ 

1 (w/vr ) 

Refractive Index 

,» - X - 1 

, a 1 + 

X 

Y® co t? Y - 1 


Y~i cos 8 | -1 


> 1 


u > 1 

Angle a between wave 
normal end ray for very 
small frequencies 

! 



tan a “ tan Y 


2 tan 9 

Group and phase velocities 

U > V 

U > V 


Group velocity (u) for 
very small frequencies 

u * —“ « C —^ COE ¥ 
u 0) 

a 

2C 

u ■ — ■» 
M- 

2C ,/GMq, ("cos 9 1 




TABLE 3 



Some differences 

between atmospheric waves and 

radio waves. 


Property 

AGW 

Radio 

1 . 

Propagation of acoustic 
and HF radio waves 

Atmosphere essential 

Ionosphere not essential 

- 

Motion of medium 

In plane of propagation 

Mostly in plane of wave front 

3. 

Attenuation 

Increases with height 

Peake around 85 km 

4. 

Characteristic directions 

Stratification dependent 
on gravity 

Stratification and geomagnetic 
field independent 

5. 

Characteristic frequencies 

Related 

Independent 
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Fjg.3 Allowed and forbidden regions of spectra of atmospheric waves and ionospheric radio waves. 
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ATMOSPHERIC GRAVITY WAVE 



RAY SURFACES FOR WHISTLERS 


Fig.4 Kay surfaces for (a) gravity waves (b) whistlers to illustrate the beaming properties. 
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Fig.5 Temperature protite for the 1^(>2 U.S. Standaid Atmosphere. 
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3D PAY TRACl'HO FO B ACQUOTJC -ORAVI TY WAVES 
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AHtmUCT 


A now general-purpose ray tracing program for acoustic-gravity waves ha* been developed. It allow* 
atmospheric vind and temperature to vary In all three rpatial dimensions and with tine and accounts for 
earth curvature. Ray plots show the characteristic acoustic ray pxtternn of a standard atmosphere but 
al»o some interesting and unexpected ray geca.etri.es in ceres of more complex wind fields and for internal 
gravity waves. 

1. RATIONALE 

Ray tracing nan been success fully employed to calculate the paths of wave-energy flow in inhoooge- 
imocs anisotropic media, most notably for radio wavs* in the ionospheric plasma, seismic waves in the 
earth, and for acoustic waves in the ocean and atmosphere. A few attempts have been made to ertend 
acouatic-rny-iraciug capabilities to low-frequency acoustic-gravity waves in the atmosphere (cf. PIERCE, 
1966; JONES, 1969; CHANG, 1969; COWLING et al., 1971), but eaco scheme so far developed employ* simpli¬ 
fying assumptions or idealized models that limit their applicability to uhe real atmosphere. In 
particular, the effects of winds are sometimes ignored or are at most constrained to be horizontal and to 
heve only vertical gradients. Other approaches ignore either the effects of gravity or compressibility, 
and most neglect earth curvature and horizontal temperature gradients. Finally, no acoustic-gravity 
ray-tracing program of which we are aware is well documented and available In a "user-oriented" form, i.e., 
easy to use and readily adaptable to digital computers in common use. 

The program described here is designed to overcome these limitations in the following ways: 

(a) Pay equations are derived from Hamilton's equations (rather than variations of Snell's Law) 
and allow three-dimensional gradients of atmospheric wind and temperature fields; 

(b) A Hamiltonian appropriate to acoustic-gravity waves in a windy atmosphere allows a single 
program to apply to the whole wave spectrum from pure acoustic to internal gravity waves; 

(c) Earth curvatu T -e is accounted for by writing Hamilton's equations in earth-centered spherical 
coordinates; and 

(d) Programming is modeled after the Jones-ITS ionospheric radio rey-tracing program, which has 
evolved, over several years of widespread use, into a thoroughly tested and highly user-oriented tool 
(JONES, 1966). 

TSiia papier briefly describes the worfeings and capabilities of the program. Further details and 
Instructions for its use appear in a NQAA Technical Report (GHXIRGKS, 1971) that can be supplied upon 
request. 

2. THE RAY-TFAC. INC EQUATIONS 

Hamilton's equations, when applied to wave propagation, can be thought of as a differential 
expression of Fermat's Principle of Stationary Time. Their applications to geometrical optics and to 
geometrical acoustics are discussed, respectively, in the texts by KLINE and KAY (1965) and LANDAU and 
LIFSHITZ (1959). In their simplest vector form, they can be written 


and 


K - 


3H 

3K 


(la) 


(lb) 


where a dot indicates total time differentiation, K is the wave vector, and r Is a point on the ray path. 
The Hamilton (H) la a quantity whose constancy defines the ray path, given appropriate initial conditions 
arid a model atmosphere. For acoustic-gravity waves, H is given by the wave dispersion relation, such as 
that developed by HINES (i960), TOLSTOY (1963), end others for isothermal atmospheres without winds. The 
generalization to include winds is straightforward and is discussed by PITTEWAY and HINES (1965'). The 
isothermal dispersion relation given the appropriate Hamiltonian for ray tracing in nonlsotbermal 
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atmospheres because the geometrical-acoustics approximation la equivalent to assuming that the medium ia 
locally homogeneous and ia valid only when that assumption la valid. The Hamiltonian is then 

h - n" - q 2 c 2 k 2 - s'i 2 <s a 2 + c 2 ^ 2 ^ “ o ( 2 ) 

where ft ia the intrinsic wave frequency with respect to the air moving at a local wind velocity, y, whose 
components are v r , vq and v$ in spherical coordinates, r, 8, (J>. The wave frequency measured In a fined 
frame is u ■ D ♦ 5 ' X, where K is the wave vector (kj., kg, k^). The horizontal component of K is kj,. 

The local speed of sound is C, 10 , is the acoufltic-cutoff frequency, Ys/ 2'J, and u.<& is the squar e of the 
Brunt frequency, (y-l)g 2 /C 2 + g[3C 2 /3z )/C 2 . In accordance with the analysis of EINAUDi and HINES (1970), 

a modified definition of otj, is adopted, which accounts for the effects of vertical sound-speed (tempera¬ 
ture) gradients on atmospheric stability. Substituting (2) into (l) and expressing in spherical 
coordinates (BRAHDSTATTER, 1959), we got the six coupled differential ray-tracing equations: 


dr 

dt 


C 2 k (IF + v 
r r 


(3) 


d9 

dt 


i ' c*k 9 (n 2 - iu 2 ) F/n + v g 


(fc) 


ft ' Tltl Jc^(fl 2 -^)F/fl + v^J 


nr " c If (w f cV,F + u eS ) fn - s * 37 +k e fr + s 3in 0 « 


r * 7 jtH K- C * kl)p ♦ (k eS> ile(lr) - 5 * 


at - k e If - rlt <0 C0B 6 ft 



Theae equations, though apparently complicated, are readily integrated by standard numerical methods to 
yield r(t) and K(t). The addition of a seventh equation. 


sr ■?•(!)- (rff • <»> 


permits integration of Doppler shift, provided the medium does not vary appreciably during ray transit. 

The program described here uses a standard Adams-Hculton integration scheme with variable step 
length and error checking. The user specifies the maximum tolerable fractional integration error per 
step and thu3 has the option of trading computer running time for accuracy. 

3, USING THE PROGRAM 

The program is designed to be used, for the most part, like a "black box," that is, without much 
knowledge of its inner workings. Parameters that the user may wish to vary (for example, initial 
conditions, wave variables, and model atmosphere parameters) are input vis a date deck with ore such 
parameter per card. Sequential ray calculations, such as stepping ray launch direction, are automatically 







provided for. In addition to a comprehensive printed output, automatic ray plots any he obtained on com¬ 
puter* with cathode-ray-tube/microfilm output capabilities. 

Several simple model atmospheric wind and temperature fields vith variable parameters are included 
in the program's repertoire, and the user may readily substitute his own models. In its present form, 
the program accepts only continuous analytic descriptions of wind and temperature fields, but virtually 
any desired field may be fitted vith analytic functions. 

4. ILLUSTRATIONS OF APPLICATIONS - ACOUSTIC WAVES 

Figure 1 displays the kind of ray plot often produced by simpler programs: that of ordinary 
acoustic waves in a standard-atmosphere temperature profile. Here, however, a wind blows toward the 
right and increases logarithmically with height. Note particularly the influence of the wind or. where 
rays return to the ground. The wave source in this example is near the tropopause, bo that pronounced 
ray ducting is also evident. 

Figure 2 shows acoustic ray paths through an isothermal cylindrical vortex uith a solid-rotating 
core. The ray geometry is independent of spatial scale and so is relevant to smaller vortices, such as 
those generated in aircraft wakes, as well as to cyclonic weather features of synoptic scale. The only 
variable parameter of the problem is the ratio of the maximum wind speed in the vortex to the Bound speed 
and is indicated on the 4 panels of the figure. This maximum is attained at the dashed circles In the 
figure; inside the circle, wind speed varies approximately as the radius, while outside, it falls off 
nearly as the inverse radius. This problem is further discussed in another paper (GEORGES, 1972). 

Figure 3 shows schematically how anisotropy and nonreciprocity introduced by winds affect ray 
propagation in acoustic sounding of the troposphere. In general, refraction alters the location of the 
scattering volume, the scattering angle, and the magnitude of the Doppler shift. GEORGES and CLIFFORD 
(1972) further analyze refractive effects in acoustie rounding. 

5. ILLUSTRATIONS OF APPLICATIONS - INT Hi UAL GRAVITY WAVES 

Because ray paths of Internal gravity waves are much more difficult to develop intuitive feelings 
for than are acoustic waves, one tends to use a ray-tracing program much like a new experimental tool: 
Internal gravity ray paths, even in simple wind and temperature fields, often exhibit unexpected behavior. 
An example is provided by the simple case of gravity-wave propagation in a region of linear temperature 
gradient. Figure 1 shows two gravity-wave rays launched upward and downward in such a temperature profile. 
An explanation of the cusplike reflection behavior can be found by considering the direction of the 
normals t,o the constant-is/isi, surfaces in the (C plane (figure 4 insat), which indicate ray direction. 

Waves launched in a horizontally stratified medium must maintain k x constant as they propagate; therefore, 
as temperature (and thus (1^) changes, one estimates changes in ray direction by sliding up or down a 
vertical line through the diagram and noting the resulting changes in direction of the surface normals. 

For example, a ray whose phase fronts are launched downward and that propagates upward into increasing 
temperature (increasing w/w^) experiences a gradual rsy steepening until k z ■+ 0 when ray direction 
abruptly reverses, executing the cuBplike reflection (not a true mathematical cusp) depicted in figure 4. 
The level of reflection of a gravity wave depends only on the value of k x and can be found by setting 
kj “ 0 in the dispersion relation, giving the minimum value of igp/w for a given k x : 

V . n x 2 - 1 
<s 2 n x 2 - 1.225 

where 


n^ = Ck^/is . (10) 


Figure 5 illustrates how internal gravity waves may be ducted in a temperature minimum. Evidently 
the vertical propagation of internal gravity waves tends to be restrained in the presence of temperature 
gradients, regardless of whether temperature increases or decreases. ECKART (i960) shows ray paths that 
display thi3 behavior. 

Because internal-gravity-wave phase speeds are considerably slower than those of acoustic waves, 
gravity waves Interact much more strongly with atmospheric wind fie/lds than do acoustic/ waves. Gravity- 
wave ray paths in a linear wind profile of gradient 0.1 m/s/km serye to illustrate thay nature of the 
interaction. Figure 6 shows five gravity-wave rays launched downwind. Each wave everytually reaches Its 
own "critical level," i.e., where the wind speed equals the horiz/ntal trace speed of/the wave. Each 
wave approaches an asymptotic condition in which the wave vector /cends toward vertical and phase velocity 
toward zero. I ' 

Gravity waves launched upwind exhibit a quite different/behavior, as illustrated in figure 7. The 
ray is refracted upward and is eventually turned around by the/wind shear. In th^i example, /he azimuth/ 
of K is at a 45° angle with y, and lateral ray deviation alscy occurs, as illustii^ed in the j/lan view 1;< 
figure 7. 






6. CONCLUSIONS 


Those few examples illustrate the capabii<ties of the 3D ray-tracing program in simple model 
atmospheres and show some ray path properdins that, as yet, have not apparently been appreciated. 

It is expected that the program's capabilitys will be refined with use and in response to user 
needs and suggestions. Such suggestions are, of course, welcome. 
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Fig.2 Acoustic ray paths through a model vortex with a viscous core. Tangential velocity maximizes along the 
dashed circles and has the speed indicated on each panel. (Spatial scale is arbitrary). 
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Fig.3 Acoustic ray path in an acoustic-sounding geometry illustrating nonreciprocity in the presence of wind shear 
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Hg.4 Internal-gravity ray paths in a positive linear temperature gradient, illustrating cusplikt reflection of the 
upgoing ray and the asymptotic approach to Horizontal of the downcoming rays. 
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CREATION ET PROPAGATION D'ONDES SONORES ENTRE 
L'IONOSPHERE ET LA BASSE AlWOSPiERE 


par 


R. K. Cook 


SOflAIRE 


Diff£rents processus physiques engendrent dsns la bssse atmosphere, des ondes sonores a 
dea frequences infrasoniquea (pSrioies oscillatoires > 1,0 sec,), Parmi les sources typiques .e ces 
ondes sonores, on peut citer les explosions volcanigues, lea tremblements de terre, les grou orages, 
et les ondes de choc cr££es par des vehicules se d£pla;ant A des vitesseB supersoniquec, Dans 1'io¬ 
nosphere, les phenomAnes crfateura d'infra-sons comprennent les dfecharges auroroles, ainsi que leu 
ondes de choc provoqu£es par des satellites ou des meteorites £voluant a deB vitesseB supersoniques, 
Houa presenter les rfeeultata d'uno analyse port ant but la production d* ondes sonores et leur propa¬ 
gation descendants dues aux effete d'echauffement des decharges aurorales, en particulier dans le cas 
dea ondea se d£plaqant. a dea vites' as supersoniques parallSlement A la surface de la terre, Les on¬ 
des "do choc" de ces decharges se propagent seloi. une t-ajectoire descendante a forte pente j leur 
pnrte d'euergie, due A I'absorption par viscosite et. a la conduction de la cha-lour, est trSs faible, 
On les observe frequenaent dans des stations infrssonigues 3itu£es aux latitudes elev&es 0 Une esti¬ 
mation de l*£chsuffement auroral est tiree de la puissance des infra-sonB observes a 'a surface de la 
terre. 
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GENERATION AND PROPAGATION OF SOUND WAVE3 
BETWEEN THE IONOSPHERE AND HIE LOWER ATMOSPHERE 


Richard K. Cook 
National Bureau Standards 
Washington, D.C. USA 

SU1*URY 

Various physical processes gensrats sound waves at lnfrasonlc frequencies (oscillation periods > 

1.0 sec) in tiie lower atmosphere. Some typical sources are volcanic explosions, earthquakes, severe 
storms, and the shock waves from vehicles moving st supersonic meeds. In the ionosphere, sources of 
inf resound Include auroral discharges and shock waves free satslllt.es and meteorites moving at supersonic 
speeds. We present the results of an analysis for the generation of sound and propagation downwards due 
to the heating effects of auroral discharge*, particularly those traveling at supersonic speeds in direc¬ 
tions parallel to the earth's surface. Hie "shook” waves from such discharges are propagated steeply 
downward with very little lose of energy from absorption by viscosity and heat conduction, snd are 
frequently observed at lnfrasonlc stations located at high latitudes. An estimate of auroral heating is 
derived from the observed strengths of Infrasound at the earth's surfaoe. 

1 Introduction 

The aurora borealis gives rlas to two types of lnfrasonlc waves found In the atmosphere of the 
northern hemisphere at temperate and high latitudes. The first type is found at mid-latltudo# during 
sufficiently atrong magnetic storms even In the absence of a visible aurora at the geographical location 
of the lnfraeor.ic station. The second type of lnfrasonlc wave, found near the auroral oval at high 
latitudes when vlclble sharply defined sure nil forms travel overhead across the atatlon location at 
supersonic speeds has directions of propagation and horizontal trace velocities very nearly the same os 
those or" the vlsLble auroral form. We shall develop and examine the conaequencea of a hypothesis that 
the second type of Infrasound in generated by ionospheric heating caused by auroral electrioal discharges. 

The latter type of Infrasound has been regarded as an acoustical how wave In the Ionosphere (Chiaonas 
snd Peltier. 1970). The bow wave is presumed to be generated by the eleotrojet line current of the 
auroral form. In superaonlc motion perpendicular to its own length, and moving parallel to the earth's 
surface. The question Is left open by the authors as to whether the Joule heating in the electrojet, or 
the Lorentz force on Its moving charges, gives rise to the bow wave. 

Ir. the analysis given below we start from the rather different assumption that a thin plane sheet 
of the vertically descending ions forming an auroral arc generates a uniform amount of heat per unit area, 
causing a practically instantaneous rise In temperature _T of the atmosphere, and oauslng as well the 
Visible auroral discharges. 

1.1 Measurement of auroral infresound 

The electroaoouatical system used at an lnfrasonlc station typically consists of an array of at 
least four microphones, associated electronic fllter-smpllflers, and recorders. The system is designed 
for use as a steered array. Five characteristics of lnfrasonlc waves passing through the station area 
are determined: (l) the amplitude and waveform of tho inoldent sound pressure, (2) the direction of 
propagation of the wave, (3) the horizontal trace velocity c h , (k) the distribution of sound wave energy 
at various frequencies of oscillation, and (5) the time of —occurence of the infrasound. 

The microphones are located at ground level, approximately in the same plane, und on the avirage are 
about 0 km apart. Sea Figure 1 for the atatlon at Washington D.C. Those located near the auroral zone 
have similar configurations. Fuller details on the measurement of Infrasound have been given (Cook ar.d 
Bedard, 1971), and a general euamary of the observations made at several atr.tlona of an lnfrasonlc network 
has been published (Cook, X969). 

1.2 Results of measurements 

An extensive series of obeervatIona has been made (Wilson and his associates, summarized by him, 
1971). on the im'rnaound associated with auroral activity. His measurement system Is essentially the 
same as that described above. Wont of the lnfrasonlc events are wave packets wnlch rise suddenly out of 
the noise and last for only a few cyales. The Infrasound Is apparently generated by visible sharply- 
defined large-scale auroral arcs tiavellng overhead at the lnfrasonlc station at supersonic speeds. Many 
of the observations were made at the lnfrasonlc station at College, Alaska, supplemented by date from 
temporary stations at Palmer. Alaska and Inuvlk, Northwest Territories. A brief summary of the basic 
conclusions from the data is: (a) the average horizontal trace velocity is supersonic, c « 513 m/eec; 

(b) the transient pulses of sound have about the sane direction of propagation and velocity as fast- 
moving auroral arcs overhead at Alaska, measured with an all-sky camera; (c) the dominant period of 
oscillation is about 20 sec; (d) peak round pressure Is typloally 3 dyn/cm ; and (e) each pulse Is 
of only a few minutes duration. 

The observations of Infraaound at the surface of the earth and of the visible auroral form with an 
all-sky camera can be explained by meana of Wilson's shook wave model, in which the supersonio notice: of 
the leading edge of an auroral arc gives rise to an acoustical shock wsva (See PI gore 2). The lower edge 
of the aurora aerves as a line source (perpendicular to the plane of the paper). A particular pulse 
arrived at the ground station microphones k20 sec after an auroral arc passed overheed. The k20 eec delay 
corresponds to a source altitude of iko km for an assumed average sound velocity c % 300 w/sec for the 
pulse during its passage downward through the atmosphere, and measured c. 680 m/seo. This altitude 
Is to be cimpared with the known eights of visible auroral arcs, which IN most instances hsve streamers 
extending from 110-tas to lk5-km altitudes. 








2. Analysis for generation of auroral sound 

Th« baatc assumption we make here la that a rhtn plane aheet of the vertically dencendln,' Iona form¬ 
ing an auroral arc generated a uniform amount of heat par unit area, causing a practically lualantenooua 
rlae In temperature At of the atmosphere, and causing aa well tho visible auroral dlachargea. The aheet 
moves In a dlrectlon~perpendlcul.ir to its plane at a supersonic speed Me, where c » local apeud of sound 
near the sheet and }J - Mach number of the moving sheet, see Figure 3. The aheet ends abruptly where It 
has lte lower edge at a height h above the surface of the earth. The density £_ of the atmosphere remains 

unchanged, and therefore the pressure Jumps by an amount Ap " pRAT as the sheet pusasN any point In tho 

atmosphere. In effect the heating serves aa a body "force" for the generation of sound. 

the temperature end pressure Jumps will gradually decay with time except for Jumps arising »ubs«- 
quently from shocks sppeerlng at the lower edge of the sheet (to be discussed presently). But the basic 
festures of the generation of sound can be arrived n» by considering tb* leading plane-sheet a* a heat 
aourre. It* lever edge give* rise to two shock waves, the one propagates down towards the surface of 
the earth, and the other proceeds towards the upper atmosphere, e-*e Figure 3. In order to see how these 
are formed, we use the Fourier Integral method to solve the boundary problem posed by the presence of 
the lower edge of the supersonically movlic ousted plane aheet, where there la a pressure discontinuity. 

The flret atop is to find the downward-traveling and upward-traveling plane sinusoidal sound waves 
accompanying a plane wave, having a sharp lower edge, of sinusoidal variations in preaaure. The latter 
travels at the supersonic speed Me and has c time variation ol exp (fu>t) in the upper half of the 31 - 1 : 

plane. Figure 3 shows the geometry or the three plane wevea, whose surfaces of constant phaac are par¬ 

allel to the jf-axle (perpendicular to the plane of the paper). 

Supersonic pressure wave: 

p » A exp i(u)t - k 0 x), when z S 0 
*■ 0, when z < 0 

Downward traveling sound wave: (1) 

p d » B exp l(iot - k Q x + k z z), z < 0 
- 0 when r. jt 0 

Upward traveling sound wave: 

P u « C exp l(i«t - k 0 x - k z z) , when r. ;= 0 
« 0, when z < 0 

2 2 1 t 

The magnitude of the wave number vector for both sound waves is k - (k Q + k z )* “ uj/o. Also U 0 - U)/Mc„ 
and so kz - (<*)/•') (1 - l/M 2 )?. 

The amplitudes B and £ of the two sound waves are found from the following bounoary conditions at 
the lower plane boundary z - 0: the sound pressure Is continuous across the surface, and the perpen¬ 
dicular (z) component of particle velocity Is continuous. The result Is 

B - A/2, C - -A/2 ( 2 ) 

The downward-traveling wave J3 hay the same phase as the Incident supersonic pressure field A and the 
upward traveling sound wave £ differs In chase by TT from A arid B. 

Each sinusoidal preaaure component of the incident plane-sheet heat source (causing the Jump Increase 
Ap in pressure) haa associated with it a sound wave traveling downward with the same phase and half the 
preaaure amplitude. The sinusoidal components taken all together (the spectrum) make up the Fourier trans¬ 
form of the heat source’s transient waveform. The apectrum of the sound wave is exactly the same as that 
of the heat source, and therefore the temporal waveform of the transient sound wave will be axactly the 
same as that of the Incident heat source, except that l.t.e p.esaure wilt be one-half as great. Similarly 
the upward-traveling wave will have Its waveform the same as that of the downward-traveling waveform, 
except that its pressure changes will be opposite In algr: nee Eq, (2). 

3. Pressure and temperature Jumps In the ionosphere 

From the observed infrasound at ground level we can make an estimate of the .onosphertc heating, 
baaed on the foregoing analysis. 

We recall first that the sound pressure In e plane wave traveling through the atmosphere varies aa 
>J ~\p (p • local atmospheric pressure). Suppose the auroral discharge sheet has Its lower edge at a geo- 
metric altitude of 110 km. The pressure there is P - 10‘ 7 x (pressure at ground level)*, (U.S. Standard 
Atmosphere, 1962). The ; ; cund pressure measured at ground level is twice as great as that in the downward 
traveling wave, due to the almost perfect reflection of infrasound at tht earth's surface This combined 
vitN Eq. (2)leads to the net conclusion that the estimated increase in pressure Ap, behind tne super- 
aorically moving auroral discharge sheet Is Ap ?xl0“^ ’ (observed infrasonic pressure). 

'XThe pressure increase arises from besting due to the auroral discharge, and so we finally arrive at 
rh<? following formula for the he.itlng W (in watta/n/) caused by the supersonically moving discharge sheet. 

W - (C v /R) ApMc “ * *P Me 


10 


(3) 



M 


In which tha •pacific hect at .onatant volum* C v /I) of. the atmosphere, expressed In unit* oi the ga* 
constant Jl, !■ vary nearly 3/2. ' — 

table. 1, present* sots* of the data obtained at the Collage, Alsafco Infraaonlc station. The data on 
ch and the peak aound praaaure were measured with the Infraaonlc system. Value* of Me ware measured with 
an all-cky caware when an auroral arc pasaad overhead, except for those In parentheae*. Tneae latter 
value* were choam to be the'same aa cj,. In the absence of direct vlauel observations on the auroral 
source. All of the tabulated JJj.'* urT'&raatar thar the speed of pound (s 350 m/sec) In the atmosphere l 
at th* lower edge of the auroral form, assumed to bn at ah altitude of 110 km. Aj> was computed from 
3.0 x 10"6 x (peak sound pressure), so as to arrive at the pressure jump at the Tower edge of the auronl 
fomuW, the heating per unit area, was computed from Rq, (3). 

Table 1. 


Ei! 

:lmat«d ; heating In si 

jparsonic 

auroral arcs i 

causing’ infrasound 

Ih’ 

peak QQM.no 

N/m" 

ite.. 

N/h/ 

M. - 

raTIec 

ts/aec 

watts/ra^ 

671 

0.56 ' 

(671) 

1.7 

0.29 

. 678 

0.36 , 

' 1500 

l.l 

' 0.41 

460 

0.46 

(460) 

1.4 

0.16 

582 

0.31 

(582) 

i 

0.9 

0.14 

560 

0.33 

1100 

1.0 

0.28 


A, Discussion 

The visible auroral area are generated by energetic lone which penetrate the atmosphere down to ; 
altitudes of about 100 km. But- the momentum associated with the ions Is probably too small to produce 
directly the observed infrasound. The ionization of the atmosphere whi^h le produced by : the downcoming 
Ions quickly decays. The atmosphere returns to thermodynamic equilibrium, particularly at the lower edge 
of the Ionized region, In a matter of a few seconds. The heat energy which Is left Is very likely the 
source of the ltifrasound and the electrojet accompanying the auroral discharge. 1 

The estimates of the heat energy per unit area tabulated above are lower than the "true" values 
which would be obtained if full account were taken of the propagation of strong sound waves through a 
gas. The pressures In Table 1. are about one-hundredth of the local ambient pressure at an altitude 
of 110 km. Plane sound waves having such relatively strong pressures form shock waves with pressure 
Jumps soon after generation, regardless of the waveform of the heat souicej Plane shocks are propagated 
so that there Is a balance between absorption at the pressure Jump and regeneration of the Jump by non¬ 
linear actions in the mechanics of gaseous propagation. The absorption of sound is so large at an alti¬ 
tude of 110 km for frequencies greater than 1,0 Hz that the equilibrium thickness (at balance) of the 
sound pressure Jump Is probably several hundred meters. The net result Is that a full analysis of the 
nonlinear and absorptive processes during propagation of the sound wave downward through 1 the atmosphere 
would lead to greater estimated values of Ap than those tabulated, *r>0 hence to greater values of W, 

i 

The graphically recorded waveforms of the Infraaonlc pressures at any station depend on the lndlclal 
admittance of the entire electroacouatlcal system, from microphones through to the graphic recorders. 

The lndlclal ddmlttaace Is the output recorder's response to a step-function sound pressure. To arrive 
et the actual sound pressure, the recorded waveform should be convolved (mathematically speaking) with 
the indicia 1 admittance. In the absence of data on the actual peak sound pressures obtained through the 
convolution process, the values given In Table 1. were obtained from peak values on the recordings 
published by Hi Ison and his associates. The peak values were combined with the recorded waveforms pro¬ 
duced when a known sinusoidal pressure was applied, to the microphones durir.v calibration. The actual 
peak sound pressures were probably greeter than those tabulated, which would again lead.to greater values 
of W. 
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Figure 1. Locution of line-microphone*, all at ground level, ut the infra8oni.ee 
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speed, the Jump pressure iu {1} dp In the upper wedge-shaped region, 
and (2) dp/2 In the lower wedg--shaped -egion. 
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A MODEL P OR ACOUSTIC-G R AVITY WAV" 
EXCITATION BY BUOYANTLY RISING 
AND OSCILLATING AIR HASSES 


Allan D. Pierce 

Department of Mechanical Engineering 
Massnchusatt* InuCituta of Technology 
Cambridge, Massachusetts 02.139 
O.S.A. 


SUMMARY 


A somewhat general mathematical modal la developed for the study of the excitation of acoustic-gravity 
waves by rising and oscillating alv masses. Sources are initially described by distributions of fluid 
dynamic quantities over a moving closed surface. Analysis then indicates that Insofar as wave generation 
Is concerned, such surface distributions are equivalent to concentrated point sources nt the center of 
the volume. The reuniting linearised inhomogeneous wave equations are derived and solved In terms of 
Green's functions. The case of an isothermal atmosphere Is discussed In some detail. 

1. INTRODUCTION 

The purpose of this paper is te present a general mathematical framework for examination of the 
possible mechanisms by which buoyantly rising and oscillating air masses may excite acoustic-gravity 
waves. Such rising air masses may occur naturally via cumulus convection (Scorer, R.S., 1957) or as a 
byproduct of large man-made explosions (Sutton, O.G., 1947; Taylor, G.I., 1950). The speculation that 
buoyant rise may excite detectable infraaonic waves has been mentioned frequently In the literature 
(Pierce, A.D. and Coronlti, S.C., 1966; Jones, W.L.. 1970; Tolstoy, I. and Lau, J., 1972; Warren, F.W.G., 
1960) and would seem to be the most plausible explanation of the anomalous oscillations at Ionosphere 
level observed during thunderstorm activity (Georges, T., 1968; Davies, K. and Jones, J.E., 1970; Baker, 
D.M. and Davies, K., 1969; Detert, D.G., 1969). In addition, baric theoretical considerations (Tolstoy, 

•I. and Lau, J., 1972) suggest that buoyant rise is the source of the early arriving ultra low frequency 
waves detected at ground level (Tolstoy, I. and Herron, T.J., 1970) following the detonation of low-yield 
low-altitude nuclear explosions. 

The development of a theory regarding the means by which buoyant processes may excite waves is as 
yet in its early stages. While a considerable literature exists concerning convection and buoyant rise 
(see, for example, Rohrlnger, G., 1963; Levine, J., 1959; Lilly, D.K., 1962; Jtommel, H., 1947, 1950; 
Richards, J.M., 1970; Malkus, J.S., 1952; Davies, R.M. and Taylor, G.I., 1950; Scorer, R.S., 1957; Morton, 
B.R., Taylor, G.I., and Turner, J.S., 3956; Turner, J.S., 1960, 1962a, 1962b, 1963, 1964, 1966; Scorer, 
R.S. and Ludlam, F.H., 1953; Slawson, P.K. and Csanady, G.T.. 1971) the hulk of it does not explicitly 
consider the possible generation of waves. Considerable work has been done, however, on the excitation 
of internal waves by a rigid body moving at constant speed through a stratified fluid (Warren, F.W.G., 
1960; I.lghthlll, M.J., 1967; Mowbray, E.D. and Rarity, B.E.H., 1967; MacKinnon, R.F., Mulley, F., and 
Warren, F.W.G., 1969). Some work has also been done on wave generation by rigid bodies oscillating at 
constant frequency (Gortler, H., 1943; Mowbray, D.E. and Rarity, B.S.H., 1967; Hurley, D.G., 1969). 

The only detailed theoretical analysis of which the present author is aware, apart from numerical 
simulation experiments (Greece, J.S., T r. and Whitaker, W.A., 1968), which explicitly considers acoustic- 
gravity wave generation by buoyant rise Is that contained in the recent paper by Tolstoy and Lau (1972). 

In the cited paper, wave excitation by a rising nuclear fireball was modelled by a point vertical force, 
the point of application of which was moving vertically at constant speed through e stratified Incompres¬ 
sible atmosphere bounded abovi and below by a rigid surface. The magnitude of the force was estimated 
from Warren's (1960) prior calculations of the wave resistance force exerted by the fluid on a rigid body 
moving at constant speed in at. Incompressible density stratified fluid. 

In the preaent paper, some Initial steps are made toward the development of a somewhat general 
model for study of acoustic-gravity wave excitation. In a wider sense the paper may be regarded as a 
sequel to a previous paper by the author (Pierce, A.D., 1968) which incorporated the presence of a source 
into a point source term. Here we show how or.e might model any, in general moving, source by a set of 
point source terms whose common location will in general vary with time. Although some discussion of the 
solution of the resulting equations Is given, the application of the general model to specific problems 
Is deferred to later publications. 

2. EQUATIONS GOVERNING BUOYANT RISE AND WAVE GENERATION 

The general model considered here (see Fig. 1) Is that of a compressible atmosphere under the in¬ 
fluence of gravity. The earth Is taken as flat and the coordinate oystem is chosen such that the z axis 
extends vertically upwards from the earth's surface. In the absence of a disturbance the atmosphere is 
considered to be stratified with no ambient winds. The nature of the disturbance is presumed to be such 
that at all times It. is axially symmetric, about, the z axis. 

One principal assumption which we make is that there Is negligible water vapor in the atmosphere. 
This would seem to bo a reasonable Idealization for the case of nuclear explosions, but it is likely to 
be inapplicable for the case of naturally occuring cumulus convection. In any event, one may hope some 
qualitative Insight into the natural convection problem may be afforded by an analysis based on such an 
idealized model. 
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2 . 1 . 


Conservation Lava. 


In order Co postpone the tael, of giving a preclaa definition to what one Beans by a rising bubble 
or a rising fireball, we consider first a hypothetical closed surface S which la moving in an arbitrary 
fashion through the atmosphere; the notion is presumed to be such that S is always a figure of revolution 
about the s axis. The net mass H, vertical momentum II, and energy E of the Bass within the volume V en¬ 
closed by S will In general change with tine. One possible contribution, for example, would cose from 
the transgort. of particles acroas the surface S In terms of the total denolty p, pressure p, and fluid 
velocity u within the volume, the total maaa, vertical momentum, and energy of the volume may be conaid- 
erad as being defined, respectively, by the equations 

M » j P dV 
V 

n - | pu z dv 
v 

E - I [ipu 2 + p/( Y - 1)J dV 
V 

Note that p/(y - 1) is the Internal energy per unit volume of an Ideal gas of specific heat ratio y (1.4 
for air). The so-called gravitational potential energy does not enter lr. Eq. (lc) since we elect here to 
consider gravity as an external force. 

Conservation laws of compressible fluid dynamics (see, for example, Landau, L.D. and Llfshitx, E., 
1959, pp 13, 186 ) may be used to derive expressions for the time rate of change of each of the above 
quantities, l.e., 

~ ( p(u - v n ) • n dS (2a) 

S 


(la) 

(lb) 

(lc) 


^ + Mg - - I pu z (S - v n ) • n dS 

- jpn^ dS (2b) 

+ gll - - p u Z + j-] (u - v n ) . n dS 

- Jpu • n tiS (2c) 

Here n la the unit normal vector pointing out of the surface, while v Is the surface velocity. 

2.2. Effective Source Terms. 

Outside the volume V, the fluid motion ie governed by the aero-hydrodymale equations, which ex¬ 
press conservation of mass, momentum, and energy in terma of partial differential equations. The generic 
form of each such equation la 

|£ + V.f-F (?) 


where £ la the density of some quantity and I is the corresponding flux, while F is an external force or 
work term caused^by the presence of gravity. Let V* bo some volume (not necessarily the same as the V in 
Fig. 1) and let n' be the unit vector pointing out of that surface S' enclosing V'. For simplicity since 
the value of F la immaterial in what follows, we treat the case F - 0. Then one may readily show from 

Eq. (3) that 


where v ' la the velocity of the surface S', 
n 

In what follows, we intend to apply the various equations symbolised by Eq. (3) only to the region 
outside the volume V sketched in Fig. 1. However, we wish that Eq. (4) may hold for any volume V which 
extends slightly Into V. One way of doing this is to formally consider £ and I to be identically 0 and V 
but with a source distributed on S auch that F.q. (4) will a'vays formally reduce to the expression cor¬ 
responding to the portion of V' which is outside V (see Fig. 2). This would l>e the case if an additional 
term 

I [T - Ev n i • n dS 


or, equivalently. If 
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- e , 'J 


n «(c - C 8 > dV‘ 


were added to the right, side of Eq. (4) whenever V* extended partially within V. In the first expreriaicn, 
the prime on the integral sign means that the surface integral extends only over that portion of S. which 
ia within V 1 . In the second expression, the surface integral is transformed into a volume integral by 
the artifice of a Dirac delta function 6(c - C ). Here f - t i< distance along any lina normal to S, 
such that C “ C at S. One may note that thfs 8 latter expression ia identically zero whenever V 1 does not 
intersect S. "muii, if we ara to take £ and I as formally zero inside V, the governing equation may be 
put in a form which compensates for this if we add the latter expression to the right hand side of Eq.(4). 
The resulting equation can equivalently be put into the form 

jl 3C/3t + V • 1] dV’ - jit - vj • t 6(t - S s ) dV 1 , (5) 

Since this should hold for arbitrary volumes V, the following partial differential equation may be 
extracted 

fj+V .t-tf-cfy •*«<«- C,)+F (6) 

(Note that we have here added in the term F.) This differs from Eq, (3) by the presence or a "Bource 
term" on the right hand aide. The source i3 distributed over the surface of the "ercluded" volume V. 

The next step 1^ to reduce the above distributed source term to a sum of source terms, each of 
which is localized at r , the nominal "center" of volume V, To this purpose, we note that two expressions 
containing Dirac lea C functions are formally equivalent if integrals over the product of each with any 
good function f(r) give the same value (see, for exasple, Lighthill, M.J., 1958). Our starting point is 
therefore the integral 


J - f(l - fiv n > ' J «(( - ( s ) f(r) 

■/« 


£v 1 • n f(r) dS 


(7a) 

(7b) 


where, in the first expression, the volume integral extends over "atl space" and, in the oecond (equiva¬ 
lent) expression, the surface integral i£ over the surface S surrounding the excluded volume V. In 
Eq. (7b), we next expand f(r) about r - r , such that 


f(r) <• f(r ) + (r - r ) • (Vf) + 
c c r 

c 

If this is inserted into Eq. (7b), we find 


J - J f(r ) + 


S' 

i-x,v,z 


J,, (Of(r)/Sx.) + 


li 


f. r 


( 8 ) 


(9> 


J • f(t - Ev ) • n dS 
o J rs 

J li ■ l (1 * " <*1 - *d> dS 


(10a) 


0.0b) 


One may note a? ?o that one would net Eq. (9) If he set. 


|{J o 6(r - r c ) - >: J u ~~ 


5 (r - r ) + •••) f (r) dV . 


(ID 


Thus, if we compare (11) with (7a) and recognize that f(r) is arbitrary, we are at liberty to equate 


(I ■ £v n ) • Z «(( • 4 k ) - Hi ~ i c ) - I J u ^ «<? " " c > + 

Equation (C) would accordingly become 


H + V • f ■ J o - ? c> - > r J n 8^ 6<t - V 


+ K 


( 12 ) 


(13) 


where 
to the 
etc. terms 


I , J are constants. With the somewhat loose application of familiar terminology, we aay refer 
various terms on the right hand Bide of the above equation as the monopole, dipole, quadrupole. 


luet at what point it la permissible to truncate the above source term series Is difficult to 
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•priori atats. The Influence of the successive terms would appear to decrease, however, in magnitude as 
R/X where K is the "radius" of V and X is a typical wavelength. In the remainder of this papsr, we as¬ 
sume that a truncation at the first order (dipole) term is permissible. Thin does not necessarily ex¬ 
clude the "quadrupole sources" frequently encountered in aerodynamic sound (see, for example, Llghthlll. 
N.J., 1952) aince a force dipole is formally equivalent to a mass quadrupole in the neglect of gravity. 

On the basis of the preceding analysis, we here write the governing equations of compressible flow 
for motion outside the volume V. In each case, we make appropriate identifications of £ , X, and J . 
The resulting equations are 


V • (pu) - S„ 


L *r l + ? it: (p “ u i ) + Vp + P8 *t * K 


3 py2 + + V • {[i pu 2 + --^-y)u) + pgiy “ s £ 


S„_ “ dS 


| ( v (x t - 


x .) dS 


with analogous definitions for and S^. Here 

‘ 0< “ " \i> ‘ " 

- pu(u - v^) • n + pn 

* E " *7 pu2 + ;-?-T ] - \) • n + pu • n 

On comparison with Eqo. (2) one may note that 

S Mo " _dM/,d,: 

I • -d£/dz - Mge 

7TO Z 

S - -dE/dt - g£ ■ e 


(14a) 


(14b) 


(14c) 


(15a) 

(15b) 


(15c) 


(16a) 

(16b) 

(16c) 


(17a) 

(17b) 

(17c) 


However, no such analogous simple identification is possible for the coefficients the dipole source 
terms. 

3. GENERAL SOLUTION OF ACOUSTIC-GRAVITY WAVE EQUATIONS 
3,1. Linearized Equations. 

In order to derive a general solution of the asro-hydrodynamic equations (14), it is convenient to 
restrict ourselves to low amplitude disturbances. It Is hoped that the resulting solution at distances 
outside the volume V will not be |oo different from what might be found were nonlinear terms included at 
the outset. Ke let p - p ; + p , u “ u^, p • p + Pj * a nd discard all terms of higher order than the 
first in the quantities p”, u^, and p^. In thfp manner, we obtain 

?r + w • (c oV " s m (18a > 

P Q 3Uj/lt + Vp t f gP^s^ " 3^ (18b) 

3p* x /31 + yV * (PqUj) + (Y - l)P o gu, i - (y - ])S E (18c) 

where the zeroth order equations require 


dp /di » -gp 


(19) 
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Here p and p are independent of x, y, and of time t. Note that the three oource terms are all formally 
treated aa be?ng of first order. 

To simplify the discussion, we also consider the atmosphere to be locally isothermal, i.e., that 
the sound speed c, where 

c 2 - yp /p (20) 

o o 

is a very slowly varying function of height. This assumption enables us to determine p , , and Uj at 

intermediate distances from the source (i.e., our moving volume V) as though c were constant. Methods of 
geometrical acoustics (see, for example, Jones, W.L., 1969; Georges, T.M., 1971) could then be used to 
trace out the wave disturbance to larger distances. 

The isothermal assumption enables ua to derive a single partial differential equation for any of 
the various acoustical quantities (see, tor example, Eckart., C., 1960). The appropriate equation for 
P x is 


where {(^.Hs the well known acoustic-gravity wave operator 


■ s(? ’ t) 

rnvity wave operator 


3t 2 3z 


( 21 ) 


( 22 ) 


Here w and <n are the so-called acoustic cutoff frequency and Brunt-Vaissala frequency, respectively, 
(Lamb,*H., 1910; Brunt, D., 1927; Vnisaala, V. , 1925; Hines, C.O., 1960) with 


(y/2)g/c 

(23a) 

- i> l/ V« 

(23b) 


for the case of an Isothermal atmosphere. The aggregate term S(r,t) in Eq. (21) is a somewhat complicated 
functional of !3^, and S^, i.e.. 



(24) 


Note that it is highly singular at r •< r and zero elsewhere. A^so, one should note that the evaluation 
of the various time derivatives is complJrated by the fact that r^ as well as 3 jj 0 > S^, etc. [see Eq. 
(15a)) may all vary with time. 


3.2. Green's Function Solution. 

For jjimp^icity, we neglect the reflection of waves from the ground and define a free space Green's 

furclion G(r - r ,f - f. ) for Eq. (21.) which satisfies 
o o 

{ G(r - r ,t - t ) - -4n f (r - r ) 6(t - t ) (25) 

AG o o o o 


which is zero for t < t (causality), and which represents waves propagating away (in the sense of energy 
transport) from a point^impulslve source. The form of this Green's function is given (Dikii, L. , 1962; 
Pierce, A.D, , 1963; Row, R.V., 1967) by 


G(r,t) - 


1 


exp{i[(~“)R - wt])du) 
_ pc _ 

Cu R 


(26) 


- (u 


2.1/2 
i ' 

(27a) 

2^1/2 

(27b) 

2)1/2 

(27c) 


i 2 (z 2 /R 2 ), and R - |r|. The phases of the above quantities v, g, and C are all 0 at large 
®their respective branch lines may all be taken as extending vertically downwards from the 
. The contour of integration in Eq. (26) proceeds slightly 


positive 

appropr'ate branch points on the real 
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ajovc th* real axis (Fig. 3). 

In terms of the Green' function, the solution of F.q. (2.1) Is easily written down as a form.-. 

expression 


_L_ 

4 IT 


G(r 


,t - t ) S(r ,t ) d 


(28) 


Here It 1# assumed the t integration is from -•» up to time t + , such that we avoid the explicit considera¬ 
tion of any initial values of p^ and its derivatives. 

We may note that S(r.t) may be written in the form r ) where <2^, is a linear differential 

operator whose coefficients are independent of x, y and z, but whiSh may depend on time. If one inte¬ 
grates each term by parts an appropriate number of times, the integrand may effectively be transformed 
such that 


G i(r - O - «?° + G> <5(? - r) 

DOC S O C 


where the superscript o implies operation on r Q and t and <5g°^ is the adjoint: operator of . The 
spatial integrations in Eq. (28) may then be performei trivially. One may also achieve some additional 
simplification since 3G/3x « - 3G/'3x, etc. In this manner, one derives from Eqs. (15a), (24) and (28) 

the following expression f8r p 


H 1 

4“ 


- (1 - *>g 



’ 

8 

TTZ 

3t 

J 

ulT 


L at 


(29) 


t • A— 

M 4ir 


S M (t ) _ . 

T72- G ( r “ r /.It„],t - t j dt„ 


■(«.It ]) 


i_ y /JL .IL 5 \ [ S «l G dt 

^ i\ 9x i 2 c z p 1/2 dt ° 


(30) 


with similar expressions for and . Here 6. is the Kronecker delta. The arguments of the various 
-— t - .t- -. - *■ — -— •*- *•*— ‘ -’ - ° Also, V represents the 


quantities in the Integral over 


are the same as in the integral over S fc 


horizontal component of the gradient operator. 

Equations analogous to Eq. (29) for oth 
ment of p./ep by /o~ u , Jp u , /p u , p /4T" , respectively, accompanied by a replacement 
Eq. (2o> by a modif?ed X Green's^func?ion ° 

exp(i[— R - <» >t. 


Equations analogous to Eq. (29) for other acoustical quantities me readily obtained by a replace- 

ot G In 


! -f ' 


T LG 


tuR 


(31) 


where the operator is taken a.o 


X 

X 


i 

ui Sx 

-1 3 _ 
tu 3 y 


for Sp" u 

(32a) 

o X 


for u 

(32b) 

•> y 


for 4; u 

2. 0 2 . 

c J 

1 

- (y - Dp j for r>,/4>. 

(32c) 

02 J) 


c (a 
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One may note chat the equations derived here give one a formal procedure itr calculating I hr acoue- 
tic disturbance one j the various source terms are specified. While the theory holds, strictly antaklt.g, 
only if the atcosphere is isothermal, the procedure outlined below should give cae a method for handling 
noniaotharmal atmoopherea to a good approximation. 

Briefly, in the case of the pressure fluctuations, one still .etalns Eqa. (29) and '30,. However, 
the Green's futetion is not found from Eq. (26). Instead Eq. (25) la solved for a noniao-hermai atvo- 
aphere using the guided wave representation (Pierce, A.D. and Pone,'. J.W., l a 70) or che geometrical 
acoustics approximation (Pierce, A.D., 196b). 
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Fig.l Sketch showing coordinate system and atmosphere mode! adopted in the present paper. 



Fig.2 Sketch illustrating tht relative topologies o r the two surfaces S (enclosing V) and S' (enclosing V') 

discussed in .the text. 
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Ob papier discute une hypothdse formulae au cours de prfcidents travaux (Warren et. Arora, 
1967 ; Warren et Mackinrwn, 1969) relative aux conditions aux limites de la th6orie lin£aire des 
ondes acoustifjues et da gravity dans 1'atmosphere. II montre que 1 'on peut n6pliger presque entit¬ 
lement les efrets de diffusion aux limites, ft condition que le nonbre d'ondes vertical re soit pas 
trap petit. Les rtsultats obtenus pour les orales acoustiques et de gravity concordent qualitative- 
aent avec ceux obtenus par fanowitch (1967), mais les details different. On obtient une limite su- 
pgrieure du coefficient de reflexion pour les petits ranbres d'ondos verticaux, L'auteur rappelle 
que ces rfsultats ne sent valables que si le libre parcours moyen aux altitudes felevfces est petit 
devant la longueur d'onde horizontale. 


58 







ACOUSTIC GRAVITY WAVES AND DIFFUSI ON EfFECTS 
AT THE ATMOSPHERIC BOUNDAPIES 


51 


r.W.C. Warren 
IMPERIAL COLLEGE 
London 
England. 


ABS TRACT 


This paper discuesea an assumption nada In some previous work (WARREN £ ARORA, 1967) WARREN £ 
MACKINNON, 1969) concerning the boundary conditicna in the linear theory of acouatic gravity waves in 
the atmosphere. It re shewn that diffusion effects at the boundaries may for the most part be ignored 
provided the vertical wavenumber ia not too small. The results for gravity waves agree qualitatively 
with those obtained by Yanowitdh (1967) but the detail* differ. An upper bound for the reflexion 
coefficient for small vertical wavenumber* ia obtained. It is recalled that the results hold only if 
the mean free path at high altitudes is small compared with the horizontal wavelength. 

1. INTRODUCTION 


Atmospheric disturbances often excite gravity or acouatic waves which radiate energy from the 
source. Part of this is carried to very high altitudes while some is propagated virtually horizontally 
round the globe. Generally, given a local transient excitation the basic problem is to estimate the 
ultimate resultant mean distribution of energy throughout the depth of the atmosphere and to find the 
amount propagated to the highest levels. It is the fate of the latter which is a principal concern here. 
All the energy is finally destroyed by diffusion (perhaps turbulent) processes, of course, but at lower 
levels this can be protracted and so is ignored for the most part. Thus the source spectrum is supposed 
concentrated in those wavelengths where the diffusion effects in the lower stratosphere and troposphere 
are relatively feeble and in addition such that the effects of the earth's rotation (and to some extent 
curvature) are small. The important properties of the atmosphere which permit radiation of mschanical 
energy are then its elasticity and density stratification. Wind shear also plays an important role but 
more as a modifier than as a means of energy transfer. 

One inportant aspect of this problem which will be considered in more detail here is the effect of 
friction and heat conduction at the very highest and lowest levels. It may be suspected that the conse¬ 
quences of the low level boundary layer are not very inportant, but this is certainly not the case for 
diffusion effects at great heights, say above about 200 km. Lindzen (1970) and Yancwitch (1967) and 
others have also considered this problem, and the present object is to make some supplementary comments 
upon it. For example Yanowitch ignores the effects of compressibility and thermal diffusion. On the 
other hand Lindzen's computations include these effects but ignore those of vertical accelerations and 
also of horizontal divergence at high altitudes. In psrticular this leaves the conclusions concerning 
the far field behaviour of the perturbations in some doubt. For this and other reasons it seems better to 
avoid these simplifications even though there is little hope of obtaining explicit closed solutions to the 
resulting analytical problem. For the present purpose it is sufficient to consider a two-dimensional iso¬ 
thermal atmosphere model and the basic equations for this are presented In the next section. 

2. THE GOVERNING EQUATIONS FOR A STATIC ISOTHERMAL MODEL 

At the outset a linearisation of the Navier-Stokes equations is made. Although thiB is a dubious 
process for cortain types of disturbances, observations of relatively shallow waves at high altitudes is 
sufficient Justification for this step. Influences upon the motion due to ion drag and cooling effects 

are ignored, because the former is relatively weak while the latter may be allowed for at a later stage by 

a simple modification of the wave number associated with the thermal diffusion coefficient. 


and 


The resulting momentum equations then 
P Q 3u/3t ■ -3p/3x + A3/3x(3u/3x + 

P Q 3w/3t » -3p/3z + A3/3z(3u/3x + 


read 

3w/3z) + u(3 2 u/3x 2 + 3 2 u/3z 2 ) 

3w/3z) + u(3 2 w/3x 2 + 3 2 w/3z 2 ) - gp. 


u and w are the velocity perturbations and p is the density perturbation from the mean p Q , this latter 
decaying exponentially upwards in the z-direction. This decay is defined by 6 (a constant) through the 
relation 


(dp o (z)/dz)/p o (z) • -8 « -yg/s 2 ” -g/c 2 . 


a and c are the adiabatic and isothermal (Newtonian) scuxid speeds respectively, and A and u are the 
visoosity coefficients which are assumed to be constant throughout the atmosphere. It is simpler to 
retain A her* , rather than make the customary substitution A >■ p/3. The equation of continuity is 
3p/3t + w3p /3z + p (3u/3x + 3w/3z) « 0, and that of compressibility, including diffusion effects arising 
from a temperature variation T is 

3p/3t + w3p o /3z - a Q 2 (3p/3t + wSp^/Sz) + KO'T/Sx 4 + 3 2 T/3z 2 ) . 

p is the mean pressure and K the coefficient appertaining to thermal conduction. Ibis set of equations, 
augmented by the equation of state, form a determinate system if appropriate boundary conditions are 
available. As usual a wave-like solution in the horizontal x-direction is imposed for the perturbations: 
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Ip,q,u,p,T) « (p^lz), u^z), Pj (r.) , T,^ (r) le* 

Nh«r« the horiaontal wave nuaber k and the frequency co are real, q ia the vertical displacement of an air 
particle eo that *r - 3q/3t. Dropping the euffix 1 thie leads to a eet of equatione for u, u', q, q', T 
and T' (the prime denoting differentiation upwards) namely 

ipw ^du‘/dr. - (1 +(A + M)w *k 2 - k 2 u) 2 c 2 )u * (ku 3 c 2 - iAk)q' - kw *T -Bkui ^c 2 q, 

i»a -1 dT , /d* “ (It iKu 1 k 2 )T - (y - l)c 2 ku *u + (y - l)c*q', 

and 

(g - i (X t uMdq'/dz - (c 2 kw x - iXk)u' t 1" - BT t gq' - (to 2 t ipiuk 2 )q. 

'Ihis system ia completed by the supplementary set dT/dz ■ T 1 , dq/dz m q 1 and du/dz “ u' . y i» the ratio 
of specific heats for air and 

<K, I, u) - <K,A, g)e 6z /p o (0) , 

where p (0) in the density of air at some standard level (say sea level) . xt should be recalled that, the 
differential operator d/dz (which will also be represented by D) i 1 - augmented when passing through these 
modified forms of the diffusion coefficients e.g. 

D(KT> - <Vdz (KT) - K<6 t d/dz) T - K(D + 0>T. 

So the governing system is of order six (as might be ^xp^cted) which possesses six linearly independent 
solutions, say 

{u i( u i ', q t , , It, T i ’ }, i - 1,2.f>. 

The nature of these may be found in several ways but here it is convenient to proceed by a methodical 
elimination of all the unknowns save the temperature perturbation T. Ihis leads to the temperature 
equationXx « 0, with Y =■ w bere 

X 1 - < (D - B) (D - 26) - k 2 + wV 2 ) (D(D - 3) - k 2 + uiV 2 ) 

((D - 8) + (y - D^U - iu 2 .o' 2 )D(l - iK(D 2 - K 2 ))) , 

,t 2 - yci) 4 (y - ])‘VV 2 [(<D - B)(D - 2B) - k 2 + w 2 c' 2 ) 

(1 - gUo" 2 ) - (ID t B) (D + ?B) - k 2 + u 2 c~ 2 )iu(D 2 - k 2 /l, 

Z 3 - (1 + ilk 2 - iu(D 2 - k 2 )) (1 - iK(D 2 - k 2 )) - a 2 k 2 aT 2 (l - iy'^tD 2 - k 2 )) 

+ !y - 1) -1 (1 - i<ii 2 c" 2 X)D(1 - iK(D 2 -• k 2 )). 

Once T i3 found, the other phyrical variables are given through the relations 

Y(a -2 (1 + ilk 2 - iX(D 2 - k 2 )(1 - iK(D 2 - k 2 )) - k 2 w" 2 <l - iKY _1 (D 2 - k 2 ))]T 
- <y - 1) [gk 2 uf 2 - (1 - iX(D Z - k Z )D))q, 
giving q, and the pressure is given by 

p - 0 Q (gq + (Y - 1)' 1 (Y - iKID 2 - k 2 ))T], 
while the horizontal velocity perturbation ta is given by 
u)k" 1 (Dq + y<Y " l) -1 a" 2 (l - iK(D 2 - k 2 ))T). 

Finally density changes are given by 

P * p Q tYga 2 q + Y(y - Da 2 (1 - iK(D 2 - k 2 ))TJ. 

These equations provide the analytical basis for the discussion. The next section consider the form of 
the solution at high altitudes. 


3. Some properties of the solutions at large heights 

An examination of the operator £ in the tetnperature equation X~T » 0 shews that it may be written in 
the following form: 

8 8 6 4 

1 - (-ire Bz ) 3 A n (D - a.) + (-iee Sz ) 2 B II (D - b.) + (-ic:e 3Z )C H (D - c.) + II (D - d.) . 

i-1 i-1 i-1 i“l 

The first product occuring here (associated with e ) equals 

((D + 3B) (D + 28) - k 2 + wV 2 > <(D + ’’B) 2 - k 2 ) ( (D + B) 2 - k 2 ) (D 2 - k 2 > , 


oO 
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whil-s the laet product (freo from r.) equal* 

{ (D - 6) (D ■- 26! - k 2 + uV 2 ) ( 


+ w * + <Y 


6 la s neaiuni (not dimensionless) of the contained effect* of the various diffusion processes which occur 
during the sheer end sxpaneion associated with the atmospheric flow: 

c 3 - g(A + g)*»"'V 1 /<t» c < 0 >> 3 - 

At see level this i» an extremely email quantity (unions of course the length ac&le is minute, which is 
not the case) . The constant* A, a and C iu given by A - 1, 


B - (yKm) 
C w 


1/3, 


,-2/3 


(a/YW) 


4/3 


(K/yw) 1/3 (K/(1 + |i)) 1/3 (a/Yw) 2/3 , 

while the a^ , b. , and d. are known na roots of polynomials whose coefficients a re determined from the 

J^, U ” 1, 2, 3). Thu* they are fimction* of the frequency, wave nustoer and Prandtl nuafoer. 


The transformation 

y - (16B" 4 (-ie! 


-3 -30*. 1/6 


A n (6 + 2a, B ) 
i-1 


n (e + 2c, b' 3 ') 

i-.l 


i. 


1b now made which throws the T-«quation Into the form LT «■ 0, where 

B(B 4 /16) 1/ V n (6 -i-2b. B _i ) + C(B/2) 5 

6 4 L -\ 

+ y n (0 + 2d 6 ) , 

i«l 

where 0 denotes yd/dy. In chia form of the equation, high altitudes correspond to small values of ly| , 
and emphasis is given to the fate that here the interaction of the diffusion processes, measured by the 
quantity 

p(A + u)K + p)K.« 38 *, 

is more important than their individual effects which may be measured by 
p + (I t u) ■< K MK + X + p)o 8e . 


litis being the case, solutions at z “ ’ may new be found from an examination of the behaviour near y « 0. 
Since the operator l* is cf the eighth order, there are eight solutions to be founi, and six of these have 
their physical origin In the effects of interaction between the various diffusion processes. All the 
solutions have a regular singularity at the y-origin and in fact there are eight linearly independent 
Frobenious-tyoe solutions. Ihese are valid at heights corresponding to |y| <1, that is at heights 
greater than , where 

e 38 ^' - 16u (p (o)) 3 /3 4 K(X + p) ga 2 . 

o 

This is typically about ISO km. Above this level the rarelied atmosphere becomes increasingly viscous. 

Now the occurrence of eight solutions here shown that two spurious ones have been annexed during the pro¬ 
cess of forming the temperature equation. (This is unavoidable because of the previously mentioned ’shift- 
rule' property of D which comes into play during the elimination of u and q from the original sixth order 
set.) However they are readily exposed by a simple test. Thus the relevant indicial equation has eicflit 
roots given ay 

« - 28 ^/ 6 , i ” 1 , 2 , ...,0 

and two of these may be rejected. These correspond to the factor 

2 22-22 
D + SB-.: - k + ui c + 68 . 


Physically they represent isothermal sound waves (multiplied by an eigionentral function of the altitude) 
which could be present only in the absence of viscosity. 


Of tire remaining six solutions, three more may be rejected by consideration of the expressions for 
the uiscouii stresses and heat tlux at large heights. These contain terms like X3o/3z and KDT/9z, and so 
if the stresses are to be bounded a t high altitudes , as the physical conditions require, then the only 
admisaable solutions are of the form Tj(z) , j •» 1, 2, 3, where 


T l<*> 


-•(k+23)* v ”Bnz 

e T, e , 

*• In 


n-o 


T 2 (z) 

T,(z) 


- (k+6)s 


l T 2 t /' B "* + T o 2-*-V s) 


l *3 


i 

o3. 1 


+ T , Z.T, (z) . 


The T are coefficients which in principle may be determined recurrently. Corresponding solutions for q 
are of 3 the form: 










S-4 

, , -ks " -8ns 

V*> - * L 

r\-K> 

, . -k* t* -6ns v , . 

q 2 <*) - *• I i 2n « ♦ 

ri”o 

end q^(s) - z 2 e (K+01* £ en * + 

n-o 

So the solutions for the vertical displacement q are characterised by the leading terms e k5! , J , 2 e ~( k+ 0> z 
jsid se - * 11 . This last tens is the dominant one, and coincides with one of Vanowitch's results, although 
his treatment c«ita the affect of compressibility and heat conduction. The three rejected solutions are 
similar to there except that -k is replaced by k, and the requirement that >3w/3z and K3T/3 z be bounded 
precludes these. An examination of the behaviour of the corresponding pressure perturbation and other 
variables follow* from expressions given in section 2. These too decay at sufficiently large heights. 

So provided the wave amplitude at the incipient, viscous leve^is not so large that linearization it 
invalid it may be concluded that the motion Is negligible when ze is sufficiently small. This altitude 
increases with wavelength and for very long gravity waves (''■10O0 kmi this would be at heicfits oi: about 
300 km. It is noted that ths inclusion of a cooling effect does not substantially alter tills result. 
Agreement with Lindzen (1970) also follows if k is set equal to aero; this is to be expected since for 
vsrv long waves the horizontal divergence is negligible. 

The next task is to consider the lower boundary where z-values are small and |y| is large. 

4. So lutions a t. the low e st levels 

Near the earth's surface a boundary layer is to be expacted. bocal orographic and other features 
have inportant oonsequonces but this is another problem and it is only necessary to consider the case of 
a simple plana horizontal boundary. Corresponding to large values of |y| , the solutions to LT >- 0 are of 
two basic forms, first, there arc four solutions of the Frobeniouo type in descending powers of y. 

Included among these are two whose first terms represent inviscid acoustic-gravity wave solutions - one 
with air upward propagation of energy, the other showing a flux downwards. The remais ing Frobenious 
solutions have leading terms representing quasi-isothermal sound waves. These do not satisfy thp original 
set of equations and so correspond to the two solutions introduced during the derivation of the temperature 
equation. 


The second class of solutions are of the normal type of the form 

■T(y) - « ay y 3 ° l r ns y- s . 

8-0 

Generally the series obtained here are asynptoti o. There are four of these normal solutions and .in terms 
of z the leading terms contain the dominant l!ac rs 

expfa^e"^ x ^‘~) , i - 1, 2, 3, 4 

where the or taking any of the four values which may be assigned to 

(i - i - i ) l/ . 7 


If here 6 is allowed formally to tend to zero (which is tantamount to neglectiny gravity) these dominating 
factors are proportional to 

_ _i 1 X J 
exp [ a i . 2 ' I . yl ia 7 \i 7 ( z q - z) J 

where z is the datum (sea) level. The four normal type solutions therefore show two solutions with 
extremeiy rapid growth upwards and two with a fast decay. Comparison with the case in which gravity is 
absent (8 -► 0) shows that the decaying solutions are of tile boundary layer t/pe in which the thermal and 
viscous layers are mixed. Now from the previous soction there are three solutions available which satisfy 
the upper boundary condition of finite stress, and so in general there is one linear conbination of these 
having an asymptotic expansion in whi di the two large growth normal solutions are absent. Moreover from 
the y-equatior, it is seen that this conbination does not contain e. explicitly. In principle, then, the 
solution is determined uniquely-apart from any arbitrary multiplying constant which may be found by coin>ari- 
son with the absolute magnitudes involved. 


At low levels, the two Frobenious solutions are of the form 

y °I T n l * ,-) -y n * 

n~o 


where the indices are given by 

o, - -1 - 2(k 2 + e 2 /4 


2 -2 


+ (y - 1) g k ui 


2,2 -2 - 2 , 1 / 2-1 


-1 - 218 . n(k ,uj) 

1/2 -1/2. 


where m is the vertical wave nunber. The boundary layer, of thickness S - 0(ii~"'ii) *'“), virtually has no 
effect upon the lower boiaidary condition attached to the vertical displacement q, (q- q z „j) and so may 
be ignored. The solution near sea level is then of the form 


jy* tAv° 


where the are unknown functions cf all the paraiwters (Prandtl r.unfoer, frequency, wavelength) save r. 

In tills respect the are 0(1). And when m the vertical wavenunber is imaginary and eqjal to 1M say 






(bo that the an^litude behaviour in the vertical direction ia exponential ) this approximate solution is 
found tc be 

j | l/2-M/B d <B/2-M)z ^l/J+M/OJB/atMlz 

I 6 , 0) 

in terms of! the height z. Here, since e tM/ ® is small, the term showing the smaller growth upwards is 
dominant. This confirms the custonary selection made in inviscid theory in the case of imaginary 
vertical, wavenumbers 

When this wavenumber is real the choice is more difficult to sibst.ant.iate. This is because of the 
possibility of reflexion mechanising in the upper stratosphere and higher, arising from the ever increaring 
effects <sJ diffusion. Here the tenuous gluey region above about 200 km. can net like a floating cushion 
vhidi responds only to the more ponderous waves, the shorter ones being absorbed by it. In view of the 
analytical difficulties attached to the temperature equation, this suggests two approximation^ which can 
be mr.de. Firstly the absorption effects may be underestimated by the omission of the e and e terms. The 
remaining fast growing interaction term, proportional to e e 3 z can then be expected to over-emphauise 
reflexion. On the other hand the terms of smallest influence below the incipient viscous level may be 
dropped, and the consequent result w ; ll under-estimate reverberation because the E-term retained is of 
r mallfcat ujward growth. Apart from ome difficulties arising from the presence of the spurious isothermal 
wave operator, analytical solutions to the resulting approximate problems are readily obtained in terms 
of Meijer's G-function (Meijer, 1946) . Asymptotic forms of G are given by Meijer. Thus crude but useful 
approximations may be obtained from 

. 9 4 

[ic 3 e 3Bz rtn (D - a.) + il (D - d.)]T » O, 
i«.l 1-1 

< 6 4 

and [-iEe kZ Cn (D - c. ) + n (D - d.) ]T - 0. 

i-1 i=l 

Solutions to the f? rot of these equations in Meijer's functions are 

mn / art-n. -3 _-4 0 -4 ■ 

G 48 V _1) ie .1 [i e 

where m and n are integers, O - m - 8 and O s n - 4. 

If here the independent variable z is replaced by y “ e the present me .miner of vn and n refers to the 

expansion of G about y - O and y - - respectively. At the y-origin Iz - -) che expansion of G contains 
a linear combination of m independent Frobenious solutions of the differential equation, while at infinity 
(z « 0) the asymptotic expansion of G contains n linear polynomial solutions which are dominant provided 
m + n >6. The possible occurrence of isothermal wave solutions which were rejected from the original 
temperature equation new are to be admitted in the approximate solution, provided that no upward propaga¬ 
ting type i3 present at low levels. This is because the same boundary conditions apply to both the 
original and approximate equations at these levels and in the approximate solution this allows only 
incoming isothermal waves. Further, the amplitude of these waves are to be small compared with the 
inviscid waves at low levels. In the acoustic spectrum it then follows that the appropriate solution is 
given by n * S and n - 3. This yields a low-level asymptotic 

1/2, rm/6B imz , -xnv/60 -imz. 

e le e +«e e ! 

where the complex phase shift 6 is known and ha?; positive imaginary part. Multiplication by 

now shows that the reflexion ooeffiuiHin. for an upward travelling acoustic wave is lass than 

exp (-urn/33!. For gravity waves a similar argument holds, except that at high altitudes one spurious type 

solution showing an exponential growth upwards must be avoided. The appropriate solution is then of the 

form d 4 g, which at low levels behaves like 

1/2, -irm/60 imz mm/60 -imz. 

c (e e e e e ) 

whore here A has zero Imaginary part. So the reflexion coefficient for gravity waves is also less than 
e -"m/3 _ (it^is recalled that the vertical phase propagation for gravity waves is downwards.) 

An exactly similar procedure may be followed through for the second type approximation, and again 
the spurious isothermal wave operator has to be reconsidered. If the absorption a';, the intermediate levels 
(120 km. - 100 km.) is relatively high, this approximation can be expected to yield satisfactory results. 
Here the reflexion coefficient is found from solutions of the form 

-Ci/B a 

-dj/6 / 

where the choice of m and n depends upon the mmber of coefficients c^ which wave positive real part i.e. 
depending on trie decay or growth behaviour of tire approximate solution at large heights. Detailed results 
of this second approximation await computation. But the first gives a bound for the reflexion coefficient 
which is sufficient for the present purpoae. 

5. Co:,cl unic na 

The above results confirm that reflexion may be Ignored except for waves whose vertical wa/elength 
is very large cellared with the scale height B . This inplics that an inviscid model which has an iso¬ 
thermal upper layer can accurately simulate an atrosphere with a high altitude viscous region. For in 
both models all waves with a vertical exponential behaviour decay upwards without reflexion while thoce 


„;*> (. . 
"46 V ( 


m+R+1. -l a -2 -Bz 


-a,/3C\ 
-a/3 a/- 
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whose vertical wavelength is not too largo may be regarded as loat to the upper stratosphere if they can 
penetrate tha lower temperature stratification barriers. Among other things this jusr.ifies some of the 
claims mads in earlier papers (Warren & Arora, 1967, Warren 6 MacKinnon, 1969) that an inviscid 
temperature-stratified model can give a reasonable imitation of the effects of high level diffusion at 
lower levels by capping the model with an 'inosphnre' i.,e. by an infinite isothermal layer. Here the 
untrapped waves radiate freely to infinitely large heights and the resulting energy sink it not too 
dissimilar from diffusive dissipation. 

The viscous isothermal model used here suffers from the defect in that the basic temperature 
gradient upwards doer not. vanish in reality. However the effect or this is not imoor^ant for the acoustic 
gravity waves under discussion here because the actual temperature gradient is relatively small: most of 
the energy will be absorbed before the stratification reflexion mechanism can operate - except perhaps for 
wa-nas with very small vertical wave nunfcars, m<<8. On the other hand at extremely high altitudes (say 
about 250 km) the continuum hypothesis begins to brea* down. If this is so i.e. if tha mean free path is 
no longer very small conpared with the horizontal wavelength, the motion becomes of an increasingly random 
nature. Viscous reflexion then can no longer be expected for organised flow no longer exists, and the 
estimated upper bound for the reflexion coefficient becomes misleading. This of course would enhance 
fur the-- the argument for the use of a model with an 'isosphere' for lower level acoustic gravity wave 
problems. Its position and temperature would depend upon the spectrum of the excitation. Some effects of 
a change of this position have been investigated numerically by MacKinnon (1970) , 
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Sommaire 


La morphologic dea cou-r oragea (.'ondea inirasoniqueB aurornJ.es (OIA), telle qu'ou a pu 
la determiner a partir d 1 observations in "raaoniquee effeciutea a Inuvik (68,U°N), College (6U, 9 °H) 
et Palmer (60,8°N), le long d'un raSridiei magnistique passant a travers 1'Alaska, rfvele qu'on ne 
voit jamais les OIA ae propager en direction du pole, en d6pit du fait que lea activitee auroraies 
cbaervees apparaisaent frSquemment au aud dea stations. On a pu montrer que lea OIA aont dec ondea 
infraconiquea d'accompagnement engeodr^ee par der nouvements superaoniquea d'arc5 d'electrojet au¬ 
roral dirigea vers l'cuest, 1'Squateur ou l'est, 

Dea exemples particuliers d'expansions nui„ralea en direction du pole, passant au zenith 
d'Inuvik, ont £d.e etudiea. On a dScouvert que dea mouvementa d'arca, avec forts electrojets, s'ef- 
fectuant en direction du pole, memo a deB viteases Bupersoniquee Slevwes, ne produisent pas d'ondee 
d'accompagnement infrasoniqves. Lorsque s'effectue un renversement de la direction de 1'expansion 
ver« le pole, et que lea area, par suite, ae deplacent en direction de l'gquafceur, on observe de 
forte* OIA o partir dea arcs, Cette asymStrie danB 1'apparition dea OIA par rapport a la direction 
du mouvement d'un are eat interpretee comae use asyraetrie iutrinseque du mecaniamo de producti.cn a 
j.'intSrieur dea area auroraux, et non comme un effet de propagation. On pose en poatulat que 1'im¬ 
pulsion acoustique de base d 1'intSrieur dea arcs d'electrojet eat creee par dea collisions avec le 
gat neutre dea xona poaitifs entraSnds par la derive electrodynamique qui ae produit dans la region E 
de I'arc auroral. Ainsi, la force de lorentz eat le roecariame de couplage entre les perteurs du cou- 
rant d'electrojet et le gaz neutre, Un proceaaua d'ionisation-collision a lieu a l'ir.terieur den arcs 
auroraux, pour lea arcs qui se d(*placent a dea vitecseB superaoniques clans une direction purallele 
a celle de la derive d’ionisation par les neutres, L' n ugmentatxon de density ionique qui en results 
pour cep arcs reduit la constante de tesnps pour la derive dea ions, de sorts que le couplage pur la 
force dc Loreutz a pour effet de produ.ire une onde de choc infrasonique. 

Si la translation auperaonique de la nappe primsire aurorale d'S 1 ectrona presents une com- 
posante de mouvement porallele au corn ant electrodynamique des it as positife une onde de choc au¬ 
rorale infrasonique se produit dans la region fcl de 1' •' loaphdre et ae propage vera le sol sous for¬ 
me d'une onde de choc modifies ou onde d'accompagrrat , Si, par centre, le mouvement des sires au¬ 
roraux eat actiparallile d la derive des ions positifs, il ne ae produit pas d'OlA, 
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SUMMARY 


The morphology of auroral infrasonic wave (AIW) subatorsrn , as dutertvineu from infrasonic. observa- 
tlcno i»t Inuvlk (68.4“N), Collage (64,9°N) and FaLver (6Q.8°N) along a magnetic meridian through Alaska, 
sticus that AIW are never ovsorval propsasting in a poleward direction even though auroral activity tre- 
quentxy occurred soutn of the stations. AIW have been shewn to be infrasonic bow waves generated by super¬ 
sonic westward, aouatorward or eastward motiims of auroral electrojet area. 

Specific onnuples of auror.»l poleward expanoions which cress the Inuvlk. zenith hav". been studied. 

It was found that even highly supersonic poleward motions of arcs with strong cl ctrojets do not produce 
infraaon’.c bow waves. When a reversal, in direction of the poleward expansion occurs and the arcs subse¬ 
quently move eqv»torvird, strong AT.W are observed from the arcs, This asvunuetry in the occurrence of 

AIW with reupect t.o direction of notion of an arc is interpreted as an Intrinsic asymmetry in the genera¬ 

tion mechanism within the auroral a~cs and not as a propagation effect. It is postulated that the basic 
acoustic pulse within the electrojet arcs is caused by collisions with the neutral gas of positive ions 
that an driven by electrodynamic drift in the E region of the auroral arc. Thus, Lorentz force is the 
coupling ice chari ism between Che electrojet current carriers and the neutral gas. An ioni zatica-collision 
process occurs within the auroral arcs for those area that are moving supersonically in f. direction 
parallel to the direction c? the neutral ionization drift. The resulting increase in Jon density for 
such arcs reduces the time constant for ion-drag so that the I.orentz force coupling is effective in pro¬ 
ducing an infranonic shock wave. 

If the supersonic translation of the primary auroral electron sheet has a component of motion paral¬ 
lel to Che eloctrodynamic drift of the positive ions, then an auroral infi^sonio shock wave will be pro¬ 
duce i i:i the E region ionosphere and oropagate to the ground as a modified shock or bow wave. If, on the 

other hand, the auroral sre motion ia anti-parallel to the drift o c the uooitivc ions, then no AIW will 

be produced. 

1. INTRODUCTION 

Ground observations of atmospheric pressure fluctuations in the auroral zone at College, Alaska have 
been -used to show that rr.frasonlc ./aver are produced by supersonic motions of auroral ercs (Wilson and 
Nichparenko, 1967; Wilton 1969a). The. prensure disturbance propagates ro the ground as a bow or modified 
chock wave. Constructive interference of the acoustic pulses generated in the E region of auroral arcs 
cause the formation of the bow wa.e os the veil of precipitating auroral electrons sweeps across the sky 
at supersonic speed (Wilson, 1967; Chlmonas and Peltier, 1970). For the direct wave in the ”front-shock" 
region (see Wilson, 1969c> the delay time Oetireen zenith passage of the auroral arc and reception of the 
auroral infrasonic wave (MU) at the ground is six to eight minutes. For an isothermal atmosphere with 
no winds the horizontal trace velocity V of the AIW is equal in speed an! direction to that of the 
auroral arc (V - e seco where c is the loce t speed of so'ind and a is the angle between the wave normal 
and the horizontal). 

A good example of an AIW due to the zenith passage of a supersonic auroral arc at College is given 
in Figure 1 below the all sky camera (ASC) pictures of the aurora. The pressure versus time traces from 
the four infrasonic microphones have been superimposed and time shifted to shew the coherent wave form 
of the AIW. The: AIW arrived from an azimuth of 48“ with •» 7(60 m/sec at. 0720 U.T. just six minutes 
after the aurora arrive! at the zenith. All times in the paper .are in universal time. Because of the 
complex structure of the auroral forms and the impossibility of Identifying a particular "point” on the 
moving aurora, ex beat, only cn estimate cun be given for the auroral speed and direction of motion. The 
auroral velocity normal to the t c .rom 0711 to 0715 was 980 m/sec with if = 50°. Zenith crossing time of 
the supersonic arc is also pl.t-vn in Figure 1 by the sudden increase in coaric. noise absorption on the 
College rlometer at - 07x5 and by the reversal from minus to plus of Z, the vertical component of the sur¬ 
face magnetic perturbation due to the electrojet within the arc. The actual values for H and 7, in Figure 
1 at 0 ’00 were - 240y ana -90y respectively due to the presence of the westward flowing auroral electrojet 
n rth of College at that time. H and Z wera set equal to zero at 0700 in Figure 1, however, to show only 
themagnetic effect of the supersonic auroral eiertrojec arc shewn in the ail-sky photogrephs. 

Morphological studies of AIW of the type shown in Figure 1 have demonstrated the clear association 
between supersonic motions that develop during the expansive phase of auroral substorms and the generation 
of AIW (Wilson, 1969c). Further proof of the generation of AIW by auroral electrojet arcs that are moving 
with supersonic speed in a direction transverse to their long axes have been obtained from a study of the 
rate of change of the ratio of the vert ical to the horizontal coraponent.(d_(Bz/Bh)) ot the surface magnetic 

dt 

perturbation due to the electrojet Hall current along the arc (Wilson, 1969b). The variation In the 
direction of arrival of AIW witn local time has been related to the motion of type "F" (r-jt thasarathy and 
Berkey, 1965) auroral sudden cosmic. noise absorption events as additional evidence connecting supersonic 
,.uroral muttons taking place within the auroral ovel and the generation of 7\IW (Wilson, 1970). 

StatiBtlcal results from 139 MHz auroral-radar backscatter neasurenmnts made at Homer, Alask.u by 
Star.forc. Research Institute showed that regions containing radar - aurora that were In supersonic motion 





were related in clue and general location to source regions of AIW's (Fremouw, 1970). 

The one anomaly that aroioe In the study of the apparent cause-effect relation between supersonic 
auroral motions and the consequent generation of AIW was that poleward motions of the aurora did not seem, 
from the observations at College at 64.9*N (corrected geomagnetic latitude) to produce lnfrasonic 

bow w»vta. It was decided to establish a filffler latitude lnfrasonic station at Inuvlk N.W.T. In Canada, 
approximately on the magnetic leridlan through College, at 71.1°N to search for AIW from poluard 
expansions of the auroras that cross the Inuvlk zenith from 8outh c t8'north at supersonic speeds during 
most aubatoras. 

The importance of theae poleward expansion - AIW observations lies In the fact that one ;u discrimi 

nate between the three basic aechanisaki that have been proposed for producing an acoustic pul ,e within 

the moving elecr.rojet by comparison of AIW signal characteristics an;J the direction of motion of the 
aurora relative to the direction of the westward electrojet current J. 

It is shown that the basic acoustic pulse within the electrojet arcs is caused by collisions with 
then neutral gas of positive ions that are driven by electrodynamlc drift in the E region of the auroral 

arc. If the supersonic translation of the primary auroral electron sheet has a component of motion 

parallel to the electrodynamlc drift, then an auroral lnfrasonic shock wave will be produced In the E 
region Ionosphere and propagate to the ground as a modified shock or bew wave. 

Statistical AIW Results 


The morphology of auroral lnfrasonic substorms can be visualized most easily with respect to the 
auroral oval and not the auroral zone. Auroral arcs tend to appear most frequently along the auroral 
oval in a pattern that is fixed relative to the sun-earth line and eccentric with respect to the dipole 
pole. The auroral oval coincides with the auroral zone only in the midnight sector (Feldstein and Star- 
kov, 1967). Although the auroral oval expands and contracts with changing geomagnetic conditions, it 
can be used to relate the AIW to supersonic auroral motions which take place within the auroral oval 
during a typical subatorm (Wilson, 1969a; 1969c). 

In Figure 2 the auroral oval is plotted in corrected geomagnetic latitude (4> ) and corrected geo¬ 

magnetic local time (Whalen, 1970) for the disturbed conditions with the Feidnte;ln c pSr3m:.ter Q * .6 
(Feidsteln and Starkov, 1967). The geomagnetic pole (80°N, 81 °W geographic) la shewn at the center aid 
the direction toward the sun Is indicated by the arrow. Three circles of dot", represent the locutions 
of Palmer (t ■ 60.8°), College (<t - 66.9°) and Inuvlk ($ ■ 71.1°) ar. each hour cf unl/aisal 

time. In thJfi 8 diagram the locations of®£he three stations are ffx@d with respect to ach other (as 
shown by the dashed lines at 2 U.T. and 12 U.T.) by a polar azimuthal equidistant projection map. The 
map and hence the three station locations rotate with changing time about the dipole pole beneath the 
fixed auroral oval. Midnight occurs along the magnetic meridian through College and Palmer at 1000 U.T. 

In this diagram the north geograp.Uc pole rotates about the center in a circle 10° in diameter. In a 
projection of this type one can study the variations with local tire and geomagnetic latitude of the fre¬ 
quency of occurrence of AIW as a function of azimuth of arrival with respect to tho auroral oval. 

In Figure 2 the total number of AIW for the data period are plotted for 20° increment!. of azimuth 
of arrival $ for each hour interval of universal time at the station location for the U.T. hour at the 
beginning of that time interval. The number of AIW are represented by vectors pointing toward the sta¬ 
tion in the direction from which the AIW have come. The length of the vectors are proportional to the 
total number of AIW received at the station over the entire data period within a particular 2d'" interval 
of 4>. The number of AIW scales are given for the vectors in the center of the oval. The scale for 
College is four times that for Palmer and Inuvlk. The data periods arid total number of AIW from all 
directions at all times for each station used in the construction of Figure 2 are as follows: Inuvlk 

lb Nov. 1969 to 31 Dec. 1970, No. AIW - 236; College 26 Dee. 1965 to 31 Dec. 1970, No. AIW - 1806; Pal¬ 

mer 31 Oct. 1967 to 22 Oct. 1968, No. AIW » 101. 

In relating the directions of arrival and number of AIW to the location of a station with respect to 
the auroral oval It should be remembered that the oval shown in Figure 2 is for Q * 5 or disturbed con¬ 
ditions. When Q ■ 0 In calm conditions the oval contracts so tost its equatorwaid boundary in everywhere 
poleward of 70°N and during very disturbed conditions, Q ■ 8, the oval expands to a 10° width in the 
midnight sector £f§m 65° to 75°. The oval for Q - 5 was chosen for Figure 2 becausi it: represents the 
oval for the degree of geomagnetic disturbance during which most auroral infiasonic. svbstnrms occur. 

The general morphology of the auroral lnfrasonic substorrae ,.ith reference to diagrams of the type 
shown In Figure 2 ahaa been discussed in detail In earlier papers (Wilson, 1969a; 1969c; 1970). It was 
concluded that the AIW at College and Palmer in the evening sector 0300-0600 U.T, are due to bew waves 
in the "side-shock" region of westward traveling surges that are moving parallel to the oval along its 
northern boundary. In the midnight sector, 0900-1200 U.T., the AIN at: College reuult from bow va"is 
generated by equstorward motions of auroral arcs when College was In the "slde-shuck" region for bow 
vaves generated by eastward traveling surges (omega bands). The time sectors from 0600 to 0900 U.T. and 
from 1200 to 1500 U.T. are transitional with some AIW generated by auroral motions that are parallel to 
the auroral oval and some by motions transverse (equatorward) to the oval. No AH' are observed in the 
mid-day sector from 2200 to 0200 U.T. at any cf the three lnfrasonic stations. 

At Inuvlk the AIW morphology In the evening and morning sectors Is similar to that at College. In 
the rooming sector from 1600 to 2000 U.T. there are no AIW from eastward traveling surges at Inuvik when 
this station Is poleward of the path of these surges. The bulge In the oval f'om 1600 to 1800 U.T. arl.sea 
from the tact that the eastward traveling surges move at lower latitudes than do the westward surges in 
the evening sector. From the lack of AIW at Inuvik from the eastward surges, I conclude that "side-shocks’ 
or bow waves are not radiated lit Che poleward direction by auroral surges. II bow waves were rabj.» .e-i in 
the poleward direction by "side-shocks" by ,.he eastward surges, then in Figure 2 one would see AIW arriv¬ 
ing at Inuvik from, say, 1700 to 2000 ll.r. from directions par »llel to nr slightly to the south of the 







oval cantar Um. Thl* la th* first' axymaxitry than one finds in figure 2 in t'.lie radiation of AIM by 
supersonic auroral notions. . 1 

Hie gyaatear. iMiyoMatry in ^tha gatvaratlon of A r W by auroral not Iona can be seen in Figure 2 at Inuvik 
and Collage fa the tit* iactor from 0900 COi 1.300 II.T. During the midnight sector auroral nubatormf develop 
within the ovni with a orightanlng of the aquatorwaid arcs and a very rapid •xotion of these area ir the 
pobtward direction with «v*rap« spaed* of 600 m/aec (Akasofu, at al., 1966*). Thia expansion itf the 
auroral disturbance ala.,; taka* ‘placa in the equatorward direction (Akasofu, at al., .’966b) but not nearly 
aa dramatically as toward the pule. In Figure 2 one can aeo that, the AIM In the midnight sector at 
Collage an<( Inuvik are moving from north to south or equatorward transverse to the oval. No AIM are ever 
obaet «d traveling poifcvard in the direction of the poleward moving supersonic arcs thnt fort, the auroral 
bulge, which is the aoet conspicuous feature of the expansive phase of the auroral ••ubatorm. 

During the time# whan the aaveral thousand AIM clotted ip Figure 2 were observed it College ar i 
Inuvik chore vara many hundreds of supersonic poleward expansions of the auroras which would have oro- 
duewd observable AIM if bow vuvas war* generated by poleward actions in the same manner that rbay are 
generated by eijuatorvard auroral morions. 

A third asymmetry can be noct.lced in figure 2. During the rdd-day sector nc AIM are received irom 
across the polar cap from substorms th«r are occurring in the midnight sector of the oval . During some 
substorms the auroral bulge extends up to 90* geomagnetic latitude. If AIM were radiated poleward by 
the poleward expansion*, ( Chen the Infrasonic waves would croHS the polar cap and travel the 3000 km to 
the Alaokan .itatlona. Becsuoe of f.holr higli trace velocity, about 500 - 700 m/aec, AIM after reflection 
from the ground rise to greet heights in the thermosphere where much of their energy is cb3orbed before 
being rwfrecit'd back to the surface, riowgver, .observations of AIK nt Uashlngton, L.C. from the auroral 
substorr along the *u,:cral oval indicate that AIM do travel at least 1000 km (Chrznnayakl, ct al., 1961). 
Thus one would expect that If AIM here radiated poloward by auroral aubalorma that over an observation 
period of five years at College, sank. 1 auroral infrasonic waves would have been detected in the mid-day 
sector from over the polar cap traveling north to south at College. This has not b?.en the case. 

Thus the statistical evidence, from aeveral thousand AIM observed at Palmer, College and Inuvik over 
mail/ years Inri.aies that auperaonie txrtion of an auroral electro jet arc is not, in itself, sufficient to 
generate AIM. In jane manner the direction of faction of the arq, either polevlard or equatorward, ia also 
important in date raining whether or not‘AIM are generated by supersonic auroral motions. 

Pol e ward I ktpar slooa a n d Reve rsals 

Exampleo are given of poleward expansions of auroral aubotorms in which bright auroral arcs move with 
supersonic speed across the Inuvik zenith from south to north. The poleward expansions occurred during 
times of sufficiently low ambient noise level ao that AIM could have been detected If they wtre generated 
Aid propagated to the ground from the moving arcs. 

Ail sky camera photographs Irom a meridi.nn chain or stations are shown in Figure 3 to illustrate a 
oo.’.eward expansion on 9 January 1470, The dipole latitudes of the stations are: College 64.6°, Ft. 1 
Yukon 56.6°, Inuvik 70.2’, Sacks Hnrbor ! 75.0°. At 1015 the aurora van south of Inuvik and north of Ft. 
Yukon. A poleward expansion began with a brightening of the arcs at 1020 followed by rapid poleward 
Motion crossing the Inuvik zenith at 1024 and the Sacks Harbor zenith at 1042. The speed of the poleward 
lotion was 1030 m/oec as it crossed the Inuvik zenith. A negative bay in H of -150y and a plus to minus 
change in 2 were recorded on the Inuvik mngne tonic ter; Indicating that e. westward electro jet was. flowing in 
the poleward expending arcs. The infrasonic records for Inuvik for 8 January 1970 are shown in Figure 4 
for the period from 1011 t> 1047, The noise level of + lubar duvlpg this time was quite lew and yet no 
AIM was detected In association with the sunersonic motion of this poleward expansion. If a bow wave 
had been radiated b^y the poleward moving arc, it would have arrived at Inuvik around 1030, from a direction 
of 200° parallel to the notion of the aurora and to the plane of AH, the t.ctsl horizontal disturbance 
vector due to the electrojet In the arc. 

In Figure 5 another example is given with the ASC chain of a poleward expansion that crosses the 
Inuvik zenith from $ " 210° at a speed of 52C ra/sec. The Ipolewarcj expansion begins at 0446, crosses the 
Inuvik zenith at 0500, and coroes well into the field of view of the S^cks Harbor ASC at 0502. 

In the lovei left hesul part of Figure 6 the positions of the poleward moving arc are shown relative 
to Inuvik at minute intervals cron 0457 to 0501. The magnetic perturbation AH (total hprizontal distur¬ 
bance vector) at C459, when the arc is in the Inuvik zenith, and the auroral velocity vector are both 
shown In Figure 6. In Figure 4 one can see from the infrasonic records that no AIM were received at 
Inuvik within twenty mfnutee of the zenith crossing of the supe-sonir. poleward expansion. There is, how¬ 
ever, a very large AIK‘at 0519 coming from a direction $ - 51° that, is opposite to the ; direction of travel 
of the poleward expansion at. 05C0. The signrl at C519 was generated by the equatorward moving arc shown 
In Figure 6 by the ASC pictures and by the map in thg lower port of the figure. This arc is moving at 
1000 m/sec from $ = 45* in a direction parallel t. AH and to the auroral velocity. The delay time of. 
about seven minutes and the parallelism of the AIM, AH and the auroral velocity clearly identify the 
equatorward moving arc at, the source of the 0519 AIM. ' i 

i 

There was a negative bay ir K associated with the N to 5 moving arc and a minus to plus change ir. the 

Z component at 0512 aw the arc crossed the zenith. Thus the electrojet of this arc which produced the 

0519 A.IW was, directed westward. The second AIM shewn in Figure 4 at 0532 on 6 December 1969 of inverted 
phaae is probably the inflected wave associated with the direct AIM at 0519 (see Wilson, 1969c). 

These examp'ea clearly show that AIM that occur after poleward expansions are not poleward moving 

tow waves from the poleward expansions hut: that tiiey are equatorward moving AIM due to arcs that have 

reversed direction and are moving equatorward with supersonic speed after the poleward expansion has 
psaned by. 
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The SRI *uror«l-r«dar itudle* *t Hour, Alaska of radar-aurorn motions north of College have shown j 

that tha v»loclfci#e of poleward expansions during the explosive or break -up phase of auroral eubatonu | 

can be measured using the Range - Time - Intensity recordo. Froraouw and Chang (1971) nave found ..net # 

even for poleward expansions with speed* aa great as 2000 ra/sec no AIW are radiated in the polewnd i 

direction, '.iowever, a few of the events studied with the 139 MHz radar suggested tout the radar au.y have j 

detected aurotal-backscatterlng plasma moving supersonically with the source of AIW in an eouatonrard I 

direction. j 

AIM Generation Mechanism i 

Before presenting a proposed generation mechanism for AIW, a summary of AIW character!alien will 1 

first be given. These following characteristics refer to an infraaonlc signal from an auroral ate that, 
has passed over the observing station. The AIW to be described la thus a direct wave (Wilson, 1969a) in 
the "front shock" region (Wilson, 1969c). The AIW has not been modified by propagation affects in 1 'he 
sound channels or by the finite collision rate of the thermosphere, cr hos not suffered phase invert)..in 
by reflection at the earth's surface, nor has it been split into multiple signals by multi-padi propaga¬ 
tion c ffacts. 

1) A single infrasonlc wave packet (with a pressure vs. time profile characteristic of a shuck pula?.) 
arrives at the surface traveling in a direction parallel to the notion of the overhead super-so rile surer 1 
source with a delay time of six to eight minutes after zenith pesaage of the arc. 

2) The average trace velocity of AIW la 51C m/sec giving an angle a between Lhe wave normal ai-d tha 
horizontal of about 50° 

3) The average period (duration of the first pulse) of AIW is about 20 sac, giving a scale size, L *> 

TV a , of about 1.2 km for the source if the auroral velocity is mach two. 

4) The phase of the pressure pulse can be either positive or negative for AIW that ore dun to southward 
moving supersonic auroral arcs that contain a westward electrojet. 

5) Supersonic auroral arcs that cause AIW have only westward electrojetn which are line currents tlovlng 
along the auroral arcs. 

6) AT.W ara only produced by supersonic westward and eastward propagating surges or by equatorward moving 
supersonic westward electrojet area. The source motions are thus westward in tha evening, southward around 
midnight or eastward in the morning. 

7) No AIW have ever been observed at Palmer, College or Xnuvik from poleward moving supersonic westward 
electrojet auroral arcs. Ho AIW at these stations nave ever been observed propagating south-to-north 
from any kind of auroral source. 

2 

A great deal of observational evidence has shown that, within the 0.3 dyne/cm limit of deter:'ability 
above the wind noise level, no AIW of the type described above are ever observed in association wrtn any 
auroral phenomenon (when the source is within the field of view of the ell “ky camera) other than ouper- 
aonic motion of large scale auroral forms. Thus pulsations in auroral lucdeoalty, "flaming aurora", 
rapid motion of rays along an arc, or the sudden appearance of on auroral form do not produce detectable 
infraaound. They may however add to the general background infrasonlc noise level observed during an 
AIW substorm. Nor do the magnetic fluctuations associated with auroral substorms, such as Pc--I mirro- 
pulsatlons, sudden Impulses, sudden commencements or giant pulsations, produce detectable lnlrascund. 

The electrojet magnetic perturbation associated with area can be re luted to AIW only because of the Jatera) 
supersonic motion of the electrojets. Thus there Is no detectable ir.frasoucd radiated by the "turning 
on and off" of a stationary electrojet arc. However traveling ionospheric disturbances are thought to 
be generated by such a mechanism (Blumen and Hendl, 1969; Chimonae and Hines, 1970), 

The mechanism that haa the required Intrinsic asymmetry with respect to direction of .action Is a 
combination of Lorentz Force coupling (as proposed by Chimonua and Peltier (1970.) and called electro- 
dynamic drift by Martyn (1953)), and an ionlzatio.i~collect.ion process suggested by Piddlngton (1963, 1964) 
to explain the source of sporadic E Ionization and Ionospheric winds and wavA Tbit) generation me, nanism, 
ns explained below, is consistent with the observed AIW morphology. 

In the polar Ionosphere the neutral auroral ionization drllts under the liifjl ;ea-:e (.f horizontal 
electric fields and the vertical geomagnetic fiej.d. In Figure 7 the electron velocity V , l\e lor. 

f locity V and the neutral Ionization velocity V are shown relative to the horizontal Ii.ectr.ic field 
and the vertical magnetic field B directed into the diagram. The three velocities are given below 
(Kato, 1965; Martyn, 1953). 
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In equation (1) r.'1-vt F« 4a retail mobility I’ nnd the 1*tlI mobility H ( at* given by: 
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U, 1 c,t 


+ for 1 cnn 
- for electron* (6) 


’ e,l 


5t>f 


e ,1 


(7) 


fie electrons and positive tors hav-s the same component of velocity v in a direction perpendicular 
Co the a/rent vector J and, by collisions, they exert a body force, the lo?<sntz Force, on the neutral 
gas (Mac tyn, 1933'. foe component of this neutral ionization tjat drifts in the direction of ExB is 
called the Hall drift, while the component In the direction of E is called the Paderoen drift. Pi.dding- 
ton (1963) has suggested that the southward Pedersen drift vi 11 fc:x.rt a frictional force on the neutral 
at:; m so that "a wall of neutral gas at levels 'v 100 kir upward will be bjd.lt up and pushed south with 
speeds as high a? a few hundred meters per second.” It is shown be.'os. 1 that then the E region neutral gas 
velocity (driven by collisirw with the pouitive i ona executing eleccrcdynamic drl f 'r.) becomes as large 
aa ciie supersonic velocity of translation of an auroral eleccrojat nnd is in the same direction, then a 
shook wave is formed which propagates to the ground ns at AIW bow wave. 


The problem can be treated from the point of viert of ion drift or ion current with the same result. 
Physically the ions and electrons are rawing under the influence of crossed eleccric nnd magnetic fields. 
However, only the ions are massive onough to transfer significant momentum to the neutral atoms. Whether 
one describes the ion motions us an electrodynamfc drift or as a Pedersen or Hall current resulting in a 
Lucent! Force, we are still dealing with the same physic.il process, namely collisions between moving 
positive Iona and neutral uttvc. 


The description of the generation mechanism in termu of electrodynucic drift rather than in terms 
of the n&ulting Loretifz Voice la '.Kteful in what it we 1 area the process to the ewectric fields In the 
auroral arcs which have o» on measured fiCcliey, fat al., 1971; Hescott, et al., 1969). The current J in 
the Lo rants Force description of the coupling has not been Measured directly but has only been calculated 
from an assumed electro jet configuration. Thus knowing the relationship between the AIW and electric 
fields In the arcs one can more readily compare the AIW morphology v; observed to that predicted from the 
iujtlc.1 and the known morphology of the ionospheric electric fields at time of substorras. 

In the shock wive model for the formation of an AIW, Wilson (1967) suggested that is a pressure 
pulse that wan of constant phaec In the frame of reference of the moving auroral arc were generated by an 
w-'oecifled mechanism, then by superposition of wave fronts a bow wave would be built up and would move 
with the aurora at the loach angle. In the first three sections of this paper we have seen that the basic 
process which generates the pressure pulse in the moving aurora is asymmetric with respect to north-south 
motion. 


it electrodynamic drift of the neutral ionization is taken as the basic process in the aurora thaC 
transfers momentum to the neutral ges by collisions, then the north-south asymr.etry can be explained by 
referring to Figure 8. Crors-saotion? are given in Figure 8 of the E region ionosphere translation in an 
equatorvard direction (Case 1) and in a poleward direction (Cassj II). The precipitation region of the 
primary auroral particles ir; moving with a horizontal velocity V that Is greater than the local speed of 
sound. 

The vertical slabs of A/., and 4X, of neutral E region ionization are at rest at. t ■ 0. It id assumed 
that the neutral Ionization drift velocity, V f , the Pedersen current and the Hall current are all zero at 
t « 0, A southward horizontal electric field E exlnts 1 in the region of the arc as shown in Figure 8 
directed toward the left. 

As the high conductivity region of the auroral arc (that xs created by the primary auroral particles) 
sweeps through the E region tor .uphere, the currents in the slabs of AX^, AX^ of initially stationary 
it noapheru i net rare with time as : 

3 - (o„2 t- o^Bxl/B) (1 - e t,T ) (8) 

where o„ and are the "direct" and "transverse" conductivities respectively and x if the collision in¬ 
terval between current carriers and neutrals (Ferraro and Plump ton, 1966). The current is given by: 

J - n e(V - V ) (9) 

e 1 e 

-V — t; / t 

so the neutral, limitation velocity V also increase i with time as (J.-e ). 

It Is further assumed that the velocity reached by the neutral ionization V at a time T » I./V^, 
(where L Is the wldjh of the auroral arc), at the trailing edge of the arc, i.e., r, fU X - L, is greater 
than the arc spend V . Titus V > V at X » L or T - L/V # . This is sho^n in the graph of V vs. J at the 
lotl-oa. cf Figure ij, ftaae I. iflua the neutral ionization drift velocity V increases from zero to_,V j as 
the electro jet ere. sweeps through any stationary slab AX of the E region ionosphere. For t; > T V returns 
to zero. Inc wgar.t shape of the curve V (t) in Figure 8^is not Important for the model. It is only 

necessary that V itierc dr r tvor.otonlcolly trom t « 0 to T and then return to zero, 
n 

In Figure 8 for Case I where $. is parallel to V the velocity of the- neutral ionization V has 
* A n ni 
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m*ch«d rh« vmloclcy $ 1 , lr »l«b AX^ has reached the velocity V - after the arc has gone a distance 
X past the nlab. At Win time (t « X^/V ) the neutral lonlratfon in slab AX, begins to travel with the 

auroral arc at the epaed V of the arc. Now at X^ the neutral ionisation velocity in slab AX iu greater 

than V , an 1 thus greater than v,. Therefore the neutral ionization in slab AX, at X tend to over-takn 
the Ionisation In AX. at X . Thus all the neutral Ionization for L > X > X movcs toward the slab AX 
to fun a wall of neutral auroral ionization that moves with the aurora 1 speed in s menne^ first pre¬ 
dicted by Piddlngton (1963). This buildup of a wall of auroral ionization only occurs when V is tnoylng 
xn a direction that ties a positive component which io parallel to the electrodynamic drift velocity V^. 

Keferri-ig again to Figure 8, consider Case It whgn V, is antiparailei to V . This corresponds to a 
poleward expansion of westward electrojet arc where E is "directed southward. ?he neutral ionisation 
drift velocity V ^ in slab AX, at a distance X from the leading edge of the arc hag^ a vel' city V ^ ■ -V^ 
and thus tends to leave the region of the supersonic arc with a Relative speed of 2V . Now the neutral 
lonlzatl< a «t X, in slab AX„ has a drift velocity V _ > V , - - V . Thus tf^e neutral auroral ionization 
in tuatj AX, te a to .^ve awey from that in a.ab AX^ 1 with n l relative speed V - V . Thus in Case II 

'shore V is antiparallel to the neutral auroral Ionization tends to be decreased 1 in density within the 

<fi"c Instead of forming a wall of increasing ionization density that travels with the arc as In Case I where 

V and V are oarallel. 

A u 

In Case II all the Ionization within the arc of thickness L is collected at the rear (X - L) of the 
arc whereas In Case I all the ionization within the path of the arc that may be 100L is swept up. 

Barium release measurements in the ionosphere (Wescott, et^al. , 1970) show that is not always 
del rmlned by the direction of the local electric field through ExB drifts. Magnetospheric convection is 
closely twisted to the auroral ^u^storm convection in the E-W and W-E directions (Wescott et al., 1970), 
and thus is coupled to E by ExB or Hall drifts. Hcwever, the electric field measurements by Ba cloud 
drifts show that ... "the poleward motion of an auroral arc does not imply any direct connection with the 
electric field or outward plasma drift in the magr.etospphere." (Wescott et al., 1970). The Ba release 
measurements shew that the E field direction is southward for westward electrojets and northward for 
eastward electrojets. The electrojeta are thus ball currents. The total^horizontal magnetic perturbation 
AH due to the Hall current electrojeta will thus be in the direction of E, the local electric field in the 
lower ionosphere. 


Thus one can infer the direction of E from the direction of AH for an auroral electrojet arc because 
Ba release measurements have shown that the electrojets are Hall currents in a direction BxE, The ex- 

r ples given of poleward expansions show that the auroral activity V is decoupled from the^electr^c field 
for northward moving supersonic arcs; while the A.IW example given in Figure 1 shows that V A and E are 
decoupled for this equatorvati moving supersonic ate. Kelley et al. (1971) using balloon-measured elec¬ 
tric field data and all-sky auroral pictures have shown that, "the poleward surge characteristic of the 
auroral explosive pba§e not associated with a large eastward electric field and therefore Is not 
associated with an EkB/R dtlft^of the auroral primaries." Therefore^Cases I and IX illustrated in Fig¬ 
ure 8 do actually occur, l.e., V can be parallel or antiparallel to E because the primary auroral elec¬ 
tron stream of precipitating particles is decoupled from ExB in the lower ionosphere. 

When V la parallel to V a wall of neutral auroral ionization is built up that sweeps along with 
the supersonic arc. The positive ions in this wall of neutral ionization transfer momentum to the neu¬ 
tral gas by coll-slons. The frictional force between the positive Ions and the neutral gas depends on the 
difference In the two velocities in such a way that neutral gas velocity U changes with time as (Dougherty, 
1961; Rees, 1971): 

_3U _ V’l v (V - U) (10) 

3t n ni 
n n 


Thus the neutral gas velocity would tend to with a difference decreasing with time as exp(-t/i^), where 
t is a time scale for neutrals to reach an equilibrium velocity under the influence of ion-drag, and 
g?ven by 


(Dougherty, 1961). Thus aa the wall of neutrai auroral ionization sweeps along the arc at a speed V , 
collisions with the neutral gas produces a pressure pulse that, neglectirg viscous terms, travels with 
the arc to produce the shock wave a±> described by Wilson (1967) . 

The effectiveness of the mechanism described above is illustrated in Figure 8 lief in the fact that 
there is a great increase in the number density n of positive ions within the wall of auroral ionization 
traveling with the auroral arc. In addition to the increase in ionization density due to the traveling 
arc sweeping-up the auroral ionization as described in Figure 8, Piddinvton (1963)and Martyn (1953) have 
shown that ion drifts from higher to lower latitudes have a vertically cownward drift which further in¬ 
creases the density of the wall of ionization built up in a supersonic auroral arc moving parallel to V^, 
An ion drift from lower to higher latitudes has a vertically upward drift which tends to decrease the E 
region auroral ionization. 


If the auroral velocity V A is less than the f^peed of sound, then the build-up of a wall of neutral 
Ionization will still take place as Long as V > V^, however the arc moving at subsonic speed will not 
produce an infrasonic shock wave. 

It is possible to mike an estimate of the ion number density in the "wall" oi neutral Ionization in 
a supersonic auroral arc that produces an AIW. This is done by: first, calculating the neutral gas velo¬ 
city perturbation u in a slab of gas dx at height z in the electro^et arc that will result in a pressure 
pu'se p(z) which when traveling with the arc at the auroral speed V A will produce the AIW observed at 
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the ground sa a perturbation p(o). Next the magnitude of the loi'-drag time conatant t that Is nuceaaary 

lit order to produce the neutral gaa velocity perturbation u In the slab dx Is calcu latBd for an Inter¬ 
action-time T - L/V during which the slab of neutral gaa In dx la accelerated by Ion-drag. This calcu¬ 
lation of t la done by use of the solution for eqs. (10) namely 



when t la known the number density of Iona n. can be found from r « n /n,v,, 

n 1 n n 1 1 

Neglecting the enhancement of the AJW pressure pulne that reaulta from superposition associated with 
the auperaonlc motion of the source and it9 associated bow-wave effect, the pressure perturbation p(z) at 
a height r. can be approximated by assuming a plane wave. In this.esse there Is an exponential decrease 
In the pressure perturbation with height given by p(z) - p(o) e where H Is the scale height of the 

atmosphere and p(o) is the observed surface perturbation. For plane wows the relation between pressure 
perturbation and particle velocity is given by u ■ p/PjC where p, and c are the ambient gas density and 
speed of. sound respectively. For an AIW of 5 dynes/cm amplitude at the ground, values of p, ard c as 
shown in Table 1, and for a scale height H of 8 km the values of u for three different heights of the 
sources are as follows: z ■ 100 km u - 675 cm/sec; t. - 120 km u • 2380 cm/sec; z - 160 km u « 6380 
cm/sec. 


From the model of the Ionization-collection process described In Figure 8 we see that the ion velocity 
the wall of neutral ionization is ecpyal to V . Setting V in equation (11) equal to Lhe auroral speed 
V and using the above values of u for U the ion-drag time constant t and ior. density n can now be cal¬ 
culated for various widths L of the auroral arc. 0 


The expression for the ion density can be written as: 


n 


1 



nisi 


( 12 ) 


In Table I the values of and n are given for the case in which V ■> c as the lower 
auroral speed that will result in AIW production. The width of the arc L Varies from 0.5 to 
Table I. The values of n , v , c and p„ used in the evaluation of n from equation (12) are 
in Table 1 as a function of Z. 


liratt of 
10 km in 
also shown 


From Table I it can be seen that the more narrow the arc width L the shorter T^roay be in order to 
accelerate the neutral gaa to the velocity required to produce the observed 5 dyne/cra pressure wave at 
the ground. To decrease the ion-drag time constant the ion density must increase in the arc. 

Ttje values of n in Table 1 range from 1.4 x 10 b lons/cm 3 for L - 10 km and Z « 100 km to 1.8 x 10 8 
lons/cm for L - 0.5 Km and Z « 140 km. The rapid decrease in collision frequency v with increasing 
height results in the increase In the required with increasing height of the source for the same AIW 
strength signal to be observed at the ground. 


The average characteristics of AIW can be used to identify the height region and average width L of 

the arc that are most reasonable in order to choose the most probable range of n from Table I. For the 

simple shock wave model the auroral AIW source speed Is equal to the trace velocity of the AIW observed 
at the ground. The average AIW trace velocity is about 510 ro/sec. If the rise-time of the AIW pressure 
pulse observed at the ground is approximately the same as the rise-time at the source of the neutral gas 
velocity Increase from c to u, then the interaction time T - L/V can be set equal to the AIW rise-time. 

An average value of the AIM rise-time observed at College would be from 5 to 30 seconds. Thus I. would 
vary from 2.5 to 15 km for - 510 ro/sec. The average delay time for AIW following zenith passage of a 
supersonic auroral arc indicates that the height of the source is between 100-120 km. 

Thus a reasonable range in the n^ from Table I would be from 10 8 to 2 x 10^ ions/era 3 for supersonic 

auroral arc sources of AIW. Theae above values of ion density refer to the density In the wall of Ioni¬ 

zation moving with the arc due to the ionization-collection process and not to the basic auroral ioniza¬ 
tion due to ionization from the primary auroral particles. Recombination processes will of course limit 
the ion density that can be reached in the Ionization-collection process. 

5 3 

If the auroral ionization at the 120 km level has an ambient level of m 2 x 10 lons/cm (Francis 
and Karplus, 1960) and the ionization-collection process is taken to be say 502 efficient, then for a 
westward electrojet arc 1 km in width moving southward for ^ay 200 km the increase in the neutral ioni¬ 
zation density will be hundred fold to 2 x 10* particies/cm . Unless there is an increase in the ion 

density within moving auroral arcs to the values indicated in Table I for Z ■ 100 to 120 km then the time 

scale i for transferring momentum to the neutral gas by ion-drag will be too long to produce the observed 
infra8onlc bew waves In the 10 to 100 sec period pass band. 

Multiple frequency observations at 49.7g 143.5 and 226 MHz of auroral backscatter (Flood, 1965) indi¬ 
cate the electron densities as high as 2 x 10 electrons pei; cubic cm are present in the auroral E region 

at least part of the time and densities in excoss of 2 x 10 are fairly common. 


Recent observations at Chatanlka, Alaska (near Fairbanks) by the Stanford Research Institute Thomson 
scatter radar have provided direct measurements of electron density in auroral electrojet arcs. On 9 
September 1971 at 0912 U.T. electron densities of 10 eleccrons/cm were measured in an auroral arc in the 
E region by the Thomson scatter radar facility (SRI, private communication). 


The north-south asymmetry in the production of AIW by supersonic auroral forms is Intrinsic in the 
elect rodynami^ drift-shock wave oudel described above. Thua^V^ mus^ have a positive component in^the 

direction of V . The mechanism will be most effective when V, and V are parallel. Wh— '■ — A " -* 

" 


and V are 





antlparallal, no vail of ionization will be built up within the moving aurora and thus no largo pressure 
pulaa will travel along with the arc ao bow waves can not be produced. 

The magnitude and direction of ^ from eqa. (2) and (5) depend on the electron and Ion gyromagnetic. 
and collision frequencies u . and v i which undergo variations with height. The atrength and direction 
of the current flow in the SlectrojuSl for a given southward electric field, varies with the Pedersen 
conductivity o,, the Hell conductivity o^ and the parallel conductivity o o> Theoe conductivities also 
vary with helgnt in the Ionosphere. ' 

For a given model of the ionosphere parameters, n , « ( and v (Francis and Karplus, 1960), the 

variation with height of the directions and magnitudes Sf cfii current’density J and the neutral Ionization 
electrjdynamic drift velocity V are given In Figure 9 looking down on the ionosphere. The electrodynamic 
drift V consiots of Ped8rsen d9lft (parallel to E)^around 110 km, changing in direction with increasing 
height to the full Hall drift around 180 km in the ExB direction as shown in Figure 9. The Pederson drift 

attains a maximum value of V - 0.5 E/B at 130 km while the Hall drift above 180 km has a constant, value 

of V • E/B (Piddlngton, 1963). In a study of ionospheric winds due to ion-drag in the auroral zone using 
rocket-bome^chemical releases, Rees (1971) has found that during times of southward directed electric 
fields when AH is negative (see Rees, 1971, Figure l) that the neutral wind is toward the southeast around 
100 km (corresponding to Pedersen drag) and toward the east above 120 km (corresponding to Hall drag). 

This rotation in the direction of the neutral wind from south to east with an increase in height la a 

direct effect of the rotation of the direction of the neutral ionization drift V with height as shown in 

Figure 9. n 

Above 90 km = 90° so in Figure 9 gives the direction <p ■ tt/2 - m + ci^ (see Figuri| 7) of the 

positive ion drift.® Xr. oyder for the electrodynaraic drift-shock wave model So beeffective, should be 

more or less parallel to V , In addition to this the ion density as indicated by the calculated values 
in Table X must be obtainable by the ionization-collection process as limited by recombination effects. 

Thus at heights above 140 km the ion density as calculated for AIW production by equation (12) in Table 

I are too large tc^ be obtained because of the recombination limitation. Thus in Figure 9 even though 
the magnitude of V is largest at 200 km the necessary ion density n for ion-drag to be effective at 

these heights in tRe interaction-time that is available Is much too large to be tenable. Thus the electro¬ 

dynamic drift will not produce a pressure pulse within a supersonic arc at the greater heights. The opti¬ 
mum level is probably around 100-130 km fur large V and for the w-it effective coupling of the neutral 
ionization drift with the neutral gas to produce AlO In a supersonic auroral arc. 

An assumption in the model was that V > V . In units of E/B the maximum value of the Pedersen 
drift is 0.5 E/B (Martyn, 1953; Piddlngton, J.963). For an auroral speed of " 600 m/eec end for B » 

0.543 gauss at 100 km above College, the electric field would have to be 65 mv/m to mak. V » V . Barium 

vapor measurements of electric fields in the vicinity cf auroral forms by Wescott et al., ^19697 have 
shown that electric £ieldj from 10 to 130 mv/m directed southward often occur. Thus it is quite reason¬ 
able to assume that V > V In some auroral arcs translating at mach 2 . From the barium release measure¬ 
ments by Wesc-tt et aS., (1970), the velocity of the auroral zone ionosphere has often been found to be 
supersonic with respect to the neutral ionosphere. 

It is necessary at this point to re.latj the known morphology of AIW to the electrodynamic. drift-shock 
wave model by discussing the orientation of V as shown in Figure 9 as a function of local time along the 
auroral oval. Because of the Increase with height of x , the time scale for effective lon-drag, the maxi¬ 
mum elect rodynamic drifC coupling will occur when the aurora Js moving from a direction about 30° - 40° 
eaat of the electric field corresponding to the direction of V for 120 to 130 km height. Extensive 
measurements of electric fields by barium va; or releases (Wescott et al. , 1969; Foppl et al., 1968; Rees, 
1971) show that the electrojets are Hall currents and that the electric fields are perpendicular to the. 
electrojet Hall currents, poleward for evening conditions (AH positive) for the eastward electrojet and 
equatorward for morning conditions (AH negative) of a westward electrcjet. 

Mozcr and Manka (1971) have shown using balloon-borne electric field measurements from L - 4 to 23 
that an equatorward component of electric, field that develops at the onset of a negative bay drives Hall 
currents that are responsible for the surface magnetic perturbation ascribed to the auroral electrojet. 

For westward electrojet conditions where E Is southward, auroral motions that are toward the south¬ 
east will produce the largest AIW. Tlje elecprodynamic dr^ft coupling with supersonic motion will vary 
ge cos6 where 8 Is the angle between V and V . Because V in Figure 9 makes an angle oi about 30° with 

E, which la southward, themost effective directions for AI0 to be radiated by translating westward elec¬ 
trojets will be from if “ 270° to ♦ * 30° Inclusive for 0 £ 60". By referring to Figure 2 or to the AIW 

morphology described by Wilson (1969a) for College, on can see that there are many AIW In the midnight 

and morning sectors from <p - 270° to ) ■ 30°. The maximum ftequency of occurrent of AIW after local mid¬ 
night agree3 with the fact that southward and eastward motions of the westward electrojet Jhat preyail at 
this time are close to parallel to as shown In Figure 9. Thus the maximum coupling of V with in 
the morning sector produces the large number of AIW seen in Figure 2 from directions that are predominantly 
west of north. 

For eastward electrojets the V diagram in Figure 9 must be rotated 180° until E points up or north¬ 
ward. The Hall current will be eastward and the Pedersen drift poleward. If there were supersonic pole- 
ward motions of eastward electrojet arcs, then A.IW would be expected from these arcs. However, no poleward 
AIW are observed in the evening sector or at any other time. Westward propagating surges are known to be 
strong sources of AIW (Wilson, 1969c). For the model to be effective, V and V must have an angle between 
them less than, say 60°. Westward propagating surges carry the region of negat¥ve bay westward with them. 
They represent, the westward end of the westwaid electrojet region. In the transition region between east¬ 
ward electrojets with poleward electric fields and westward electrojets with equatorward electric fields, 
the electric niyst rotate from north to south. The strong AIW produced by westward^propagating surges 
suggests that E rotates couriterclockwl8e^(looklng down on the Ionosphere) so that E is directed to the 
west at the head of the surge. Thus if E is westward then V max. will be directed from t> ~ 40° so that 








6-9 


for V moving westward and parallel to tha auroral oval efficient coupling between V and V will take 
place and produce large A1W. There is a very large maximum in the number of AIW from $ - 40" duo to weijt • 
ward propagating surges at Collage shown in Figure 1 nf Wilson (1969c) corresponding to the cane where E 
is probably westward. 

A large body of evidence from balloon-boma electric field measurements (btoser and Manka, 1971; 
Kelley et al., 1971; Moser, 1971) sluvs that the morphology of the ionospheric, electric field during sub- 
storms can be described as follows; 1) the east-vest component of the ionospheric electric field becomes 
large and westward about an hour before the explosive phase of the substorm and remains westward through¬ 
out the substorm; 2) the north-south component of the ionospheric electric field becomes large and south¬ 
ward at the onset of the explosive phase of the substorm and remains so througnout the substorm. Moser 
(1971) has stated that in a total of 19 balloon measurennnts made during aubatorma the east-west component 
of electric field was westward at break-up In every case. Thus the AIW generated by westward propagating 
surges at break-up during the explosive surge of aubatorma are consistent with the needs of the model and 
the measured electric, fields. 

The lack of AIW from the south corresponds to the fact that when V has a northward component during 
times of eastward electrojets there are no supersonic poleward motions o? these area, and when there are 
poleward motions of westward electrojets the direction of V if. to the southeast. Supersonic auroral arc 
motions are associated basically with westward electroje ts ."thus one would expect, given the above model, 
that most AIW would be observed in the morning sector when V is parallel to V for a southward electric 
field, as Is the case. n 

In summary, it i9 an observed fact that «n lnfrasonic bow wave is produced if the primary auroral 
particle stream sweeps laterally through the neutral gas at supersonic speed in an equatorward direction. 
The period of the AIW is observed to be related to the width L and speed of the arc by T ■ L/V . Be¬ 
cause of the aoynmetry in the generation of AIW by equatorward or poleward moving arcs, we know that the 
basic source of the traveling pressure pulse is not a mass or heat source. Tile source is thus a momentum 
source that is electromagnetic in origin ar.d therefore it can only be collisions of positive ions with 
the neutral gas or ion-drag that transfers momentum to the neutral gan to produce an lnfrasonic wave. 

Thus; (1) Lorentz force coupling transfers momentum from the electrojtt positive ions to the neutral gas. 
i^2) An ionization-collectiog process ^increases the ion density in area that are translating parallel to 
V to a level around 5 x 10° lons/cm J where Lorentz force coupling can become effective. (3) The super¬ 
sonic motion of the source region determines the bow wave geometry of the auroral lnfrasonic waves them¬ 
selves . 


Table I 

Ion density and ion-drag time constant for various 
values of height Z and auroral arc width L 


n 11/ cm 
v" 1/sec 

13 

1.1x10 ^ 
5.37x10 

Z-100 

Z-^O 
6.2x10 - 
3.12x10 


Z-140 

1.45x10 

7.44x10 

c cm/se<j 
Pogm/cm 

2.9x10 
4.9 7x10“ 

10 

3-7x10 

2.44x10“ 

11 

5.37x10 ,, 
3.39x10 

L tkm) 

i (sec) 
n 

n^f/cm 8 

t n (sec) 

n 11/ cu^ 

1 

~ (sec) 
n 

0.5 

74 

2.8x10 l 

20 

9.7xlQ 7 

11 

1 

148 

1.4x10' 

41 

4.9x10 7 

22 

2 

290 

6.9x10° 

82 

2.4x10 

44 

10 

1482 

1.4x10 

409 

4.8x10° 

217 


n it/cm 

1.8x10 8 
9x10 y 
A.5x10 
9x10 
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Fig.6 Inuvik ASl’ pi' ures of supersonic are traveling from e> 4V at Os i 2. Maps of aurora 1 arcs projected on 
earth’s stin.ue for minute intervals showing poleward expansion at 0500 ami equatorwird moving arc 
at '>51 1 Af! (total horizontal pei urbution vccto r ) and the directions of AIW at 0519 are shown 
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Fig.7 Plane view of the horizontal motions of the electrons and the ions V and the “neutral” ionization 

in crossed electric and magnetic fields in »hc t region ionosphere The cunent density jTis shown 
perpendicular to V . is into the paper. 
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Fig K Relationship of \* the electrodynamic ilri!! velocity to the auioial velocity V* showing how a wall i f neutral 
io ization is built up in Case i where \? and . are parallel if V _ > V. . In Case II V and V. 
are antiparallel and no wall ot ionization is built up 
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nerrKCmOH D' INFRA~S0N3 DE 2 HZ PRODUITS PAR LES DEPLACEKENTS DE3 EU5CTROJETS AURORAUX 

par 

L. Llaka et Halts Westln 


SosMaf.re 


Au cours d'observation* effectuAes * Klruna, en Suede (6'7,8 N, 20.0 E), a l'alde de reseaux 
dr mLcrophonea. on a detects des infrasons de 2 HZ produits pendant un oertaln noabre d'orages magne- 
tlques nsajeura. On a pu enreglstrer la direction d'arrivee et la vltesse de phase horlzontale, des 
Infrasons, au noaent ou 11a franchlsaaLent lea rAaeaux de microphones. Lea quantltAs alnsi obtenues 
ont Ate comperAe* aux mouveraenta de I'AlectroJet auroral, dAtenninAs 6 partlr d'observations geoma- 
gnetlques effectuAes dans cinq stations scandlnaves. Cette comparalson, effeotuAe A l'alde d'une 
technique de trajectographle, a rAvele qu'une partie settlement dea Infrasons observes peut 8tre 
produlte par lea mouvements aupersanlquos dea electroJets auroraux. 
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DETECTION OF 2 HZ INFRASOUND PRODUCED BY MOVING AURORAL Eli CTRa I ETC 

Ludwik liszka 
aryl 

Hans West in 

Kiruna Geophysical Observatory 
S-981 01 Kiruria 1, Sweden 


ABSTRACT 


2 Hz infrasound was detected during a number of nvajor geomagnetic storms using microphone arrays at 
Kiruna (67.8 N, 20.0 E), Sweden. The direction of arrival and the horizontal phase velocity of the 
infrasound at. the microphone arrays were obtained. These quantities were compared with motions of the 
auroral elactrojet as determined from geomagnetic observations at five Scandinavian stations. The comparison, 
using a ray tracing technique, has shown that only a part of the observed infrasound may tie produced by 
supersonic motions of auroral electrojets. 

1. INTRODUCTION 

The existence of auroral infrasor.ic waves with periods in the minute range is at present well 
established trough observations of Wilson (cf. e.g. (1)). It has been proposed (2), (3) that the waves arc 
produced by auroral arcs and surges moving with supersonic speeds. A quantitative analysis of the production 
mechanisms has been given by Chimonas (4) and Chimorvas and Peltier (5). First in 1370 it has been proved by 
Procunier (6) that the infrasound in the near' infrasonic range (1-16 Hz) is associated with aurora) events. 

He has also pointed out that this frequency range is especially suitable for detection of weak signals frcrn 
a high altitude source. On average, due to the acoustic absorption the highest frequency which may be 
received from a source at 80 km level is 16 Hz and 1 Hz for a 110 km source, rrcm the other side the power 
spectrum of atmosphei : r turbulence, being the effective noise, decreases with increasing frequency. A 
favourable signal to noise ratio may be obtained at frequencies above 1 Hz. 

In the present research it has been assumed that the auroral infrasound is produced between 100 and 
110 km and the frequency of detection should be located between 1 and 2 Hz. The recording equipment at: 

Kiruna (67.8 N, 2C.0 E), Sweden (for description see Liszka et al. (7)) is operated at 1.9 Hz with a 
bandwidth of 0.2 Hz. Horizontal phase velocities and angle of arrivals of infrasound during 4 nights in 
August - September 1971 lias been compared with simultaneous magnetic activity. The period has been chosen 
with regard to favourable wind conditions in the upper atmosphere. As rocket measurements of wind and. 
temperature were not available at that time a model atmosphere has been used between 35 and 120 km. The 
lowest part of the model has been adapted to simultaneous results of the geographically closest balloon 

soundings, i.e. from Sodankyld (67.3 N, 26.6 E), Finland. As the optical aurora can not be seen from 

Kiruna at this time of the year' (all-sky camera recording start after September 15) the infrasound 
recordings have been compared with motions of auroral electrojets as deduced from magnetic observations. 

2. DETERMINATION OF MOTIONS OF AURORAL ELECTROJETS 

The method used here is the latitude profile method discussed by Bonnevier et al. (8). The current is 
assured to be infinitely extended in the direction of the constant, corrected geomagnetic latitude (9). 

When an auroral electrojet is located above a magnetic station the vertical Z-component is equal zero and 
the horizontal H-component reaches its extremum value. Having a chain of magnetic stations along the same 
geomagnetic meridian it is possible for a given instant to construct the latitude profile of geomagnetic 

field variations and thus determine the location of the electrojet. 

In the present study magnetograms frcm five Scandinavian stations: Tromstt, Abisko, Kiruna, Sodankyia 
arxl Lycksele are used. Geographical and geomagnetic coordinates of the stations are given in Table I. The 
Z-component on tfie magnetograms has been digitized at 1 minute intervals and corrected for' the Z variation. 

The latitude profiles were plotted for every minute and the position of the auroral electrojet determined to 
be at latitude for whicn Z CQrr t< _^ - 0. The velocity of the electrojet is then calculated from its positions 

at two consecutive minutes. The maximum error in the calculated velocity is estimated to be 50 m/sec. Only 
velocities larger than 375 m/sec are used in the comparison with recorded .infrasound assuming the maximum 
influence of the measuring error and the sound velocity at the auroral height of 325 m/sec. 

An example of determination of the electrojet position and its velocity is shown in fig. 1 for a 
8 minute period during the night August 22 - 23, 1971. 

3. INFRASOUND OBSERVATIONS 

During periods when supersonic motions of electrojets were obtained and coherent infrasound was recorded 
above the microphone array, E-W and N-S phase differences anil the amplitude were scaled once every minute. 
Phase differences were then converted into the horizontal phase velocity and the direction of arrival. These 
two parameters, together with the amplitude arc shown in three lowest diagrams of Figs. 2-b where results 
from all four analyzed nights are presented. Tliree of the nights were characterize] by negligible ground 
winds, while during one of them on August 25-26, 19/1 the ground leveL wind of about 3 in/see nude 
impossible reliable amplitude measurements. 
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The upper two diagrams of Figs. 2-5 show the electrojet velocity and its position (plotted only at 
occasions of supersonic movements). Positions of the electrojet when it noves towards Kirurva have been 
plotted with tlticker lines. It is during these motions that the recording station will be reached by the 
shock front. When the electrojet mover, towards the South the infrasound should reach the station from the 
northern part of the sky and from the southern part of sky for a northward notion. The larger the 
translational velocity of the electrojet, the larger will be the horizontal phase velocity of the 
infrasound recorded on the ground and rhe shorter the travel between the source and the ground. The 
relation between the Mach number of the electrojet notion and the initial horizontal prase velocity is 
shown in Fig. 6 for ambient sound velocities of 300 and 330 m/sec. Daring the night August 22-23, 1971 
a moderate jet stream (50 m/sec) was observed at 10 km height. The jet stream increases the cut-off phase 
velocity for infrasound arriving frcm the North. 'Dus may be seen by comparing Figs. 7 and 8 with results 
of ray tracing for a night without a jet stream (Fig. 9). 

It must lie also remembered that also the travel time of tlie infrasound between the source and the 
ground is a function of the direction of propagation, the horizontal phase velocity and the atmospheric 
conditions. 


All these propagation parameters are also dependent on the direction of propagation due to influence 
of the atmospheric wind system. This is illustrated in Figs. 7-8 showing results of ray tracing for six 
different directions of motion of the electrojet and different initial horizontal phase velocities. The 
calculations are made using a mathod similar- to that of Cowling et al. (10), (11) and for the wind and 
temperature conditions at midnight August 22-23, 1971. 


Tills, a detailed comparison between the position of the auroral electrojet and the infrasound observed 
on the ground is only possible by applying the ray tracing technique to each one-m‘nute scaling of the 
infrasound. In such a way the position of a possible source at 110 km height may be obtained. As only the 
meridional position of the electrojet is known, only the latitude of the estimated source position may be 
compared with the latitude of the electro jet. Such a detailed comparison, as extremely time-consundning, has 
been made only for a limited number of periods during the investigated storms. The following periods were 
analysed: 


17 Aug. -71 

18 Aug. -71 
18 Aug. -71 
22 Aug. -71 

4 Sep. -71 


2240 - 2340 UT 
0030 - 01.20 UT 
0140 - 0250 IJT 
1930 - 2010 ITT 
2000 - 2140 UT 


Results of the comparison are shown in Figs. 10-14. The geomagnetic latitude of each zero crossing of the 
vertical component of the geomagnetic field, interpreted as individual electrojets, is plotted once a 
minute as a function of time. The geomagnetic latitude o' the estimated infrasound source position is 
indicate'! by empty circles. In cases when thi intensity of the 1.9 Hz infrasound exceeded 6 db above the 
background level the position of the source fas been marked by solid circles. It may be: seem tfat the 
largest portion of the infrasound observed during analysed periods seems to be steadily originated 
between 64.5° and 65.5° geomagnetic latitude. Only during periods shown in Figs. 12 and 13 the infrasound 
source tends to follow the motion of the electrojet, but is not necessarily associated with supersonic 
motions of the electrojet. In Fig. 13, at 1945 UT on August 22, 1971, strong bursts of infrasound emission 
may be seen which agrees w«ll with supersonic motions of the electrojet. On August 17, 1971 at 2250 UT and 
2300 UT and on September 4, 1971 at 2005 UT and 2110 UT there are bursts of infrascund which are observed 
frail the northern part of the sky, while the supersonic motions of the electorojet too!', place in the 
southern part of the sky. Interesting cases my be seen on August 22 after 1935 UT and on September 4 after 
2050 UT where strong bursts of infrasound are apparently associated witfi a disappearance of two, oppositely 
directed, weak electro jets. There are also few cases when the irfrasound was originated to the South of the 
station, far from any electrojet. Unfortunately, no informal:ion about the motion of auroral surges is 
available frcm the magnetic measurements. This type cf motions my also produce infrasound (3) which will, bn 
easiest observed in the direction of electrojet. This could possibly be case on September 4, when the 
infrasound was observed from azimuthes around 60°. 


CONCLUSIONS 

A weak, coherent infrasound has been observed at 1.9 Hz during a number of magnetic storms, 
emission is rather persistent during, long periods of time and is not always associated with transit, 
supersonic motions of the auroral electrojet. In same cases when the enhanced infrasound emission c, ..-> ..s 

ir time with supersonic motions of the electrojet there is a discrepancy between the direction of arrival of 
the infrasourd and the position of the electrojet. The infrasound emission is often observed also wnen the 
electrojet as whole does not move at all. It is therefore possible that if the infrasound is produced by 
dynamic processes in the aurora, it may be due to motions of individual current filaments in the electrojet. 
Such motions may be difficult to discover on geomagnetic recordings. 
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Table I 

Coordinates of magnetic stations 

Geographic Geomagnetic 



Latitude 

Longitude 

latitude 

longitude 

Tromsb 

69.67 

18.95 

66.3 

- 1.1 

Abisko 

68.36 

18.82 

65.0 

- 1,9 

Kiruna 

67.83 

20.42 

64.4 

- 0.8 

SodankylA 

67.37 

26.65 

63.4 

4.2 

Lycksele 

64.60 

18.80 

61.3 

- 3.7 


REFERENCES 

1. Wilson, C.R., '‘Auroral Infrasonic Waves", J. Geophys. Res. 74^ 1812, 1969. 

2. Wilson, C.R., "Two-Station Auroral Infrasonic Wave Observations' 1 , Planet. Space Sci. 17, 1817, 1969. 

3. Wilson, C.R., "Infrasonic Waves from Moving Auroral Electrojets”, Planet. Space Sci. 17^, 1107, 1969. 

4. Chimonas, G., "Infrasonic Waves Generated by Auroral Currents", Planet. Space Sci. 18_, 591, 1970. 

5. Chimonas, G. and Peltier, W.R., "The Bow Wave Generated by .an Aurora 1 . Arc in Supersonic Motion", 
Planet. Space Sci. 18, 599, 1970. 

6. Procunier, R.W., "High Frequency Acoustic Aurora", Paper presented at 1970 National Fall Meeting AGU, 
San FYancisco, December 1970. 

7. Liszka, L. , Olsson, S., Englund, K. and Koskenniemi, K., "Infrasound Recording Equipment at Kiruna 
Geophysical Observatory", KGO Technical Report 71:105, December 1971. 

8. Borinsvier, B., FtostrOm, R. and Rostoker, G., "A Three-Dimensional More) Current System for Polar 
Substorms", J. Geophyt. Res. 7jj, 107, 1970. 

9. Hakura, V., "Tables and Maps of Geomagnetic Coordinates Corrected by the Higlrer Order Spherical 
Harmonic Terms", Kept. Ionosphere Space Res., Japan 19, .121, 1965. 

10. Cowling, D.H., Webb, H.D. and Yeh, K.C., "A Study of Travelling Disturbances in tire Ionosphere", 

Tech. Rep. 38 lonosph. Radio Lab. Univ. of Illinois, 1970. 

11. Cowling, D.H. , Webb, H.D. and Ye! , K.C., "Group Rays of Internal Gravity Waves in a Wind-Stratified 
Atmosphere", J. Geophys. Res. 76_, 213, 1971. 










Fig. i Latitude profiles of corrected Z-component between 23! 0 UT - 23i 7 UT Fig.2 Supersonic velocities of the electrojet, its geomagnetic latitude together 

on August 22, 1971 showing position of the electrojet (Z=0) and with parameters of the observed infrasound. The horizontal phase 

e ermine supersonic translational velocities Oi t he electrojet. velocity, the angle of arrival and the amplitude for the night August 17-18 197i 
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Fig.9 Examples of ray tracing for different directions of motion of the electrojet and different initial horizontal 
phase velocities. A night without a jet stream. 
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Fig.10 Detailed comparison between the electiojet latitude and the latitude of the estimated infrasound source. 
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Fig.l I The same as Fig.10 for the period 0030 UT - 0120 UT on August 18, i *>71. 
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Fig I 2 The same as Fig. 10 for the period 01 40 UT - C2S0 UT on August 18, 1971. 
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SUR LES ONUES PRORJITES PAR QfcS SOURCES STATIONNAIRES Er ITINERANItS 
EKNS UIC ATMOS WERE ISOTHERML SOLM1SE A CSAVT7E 


p»r 

C,H, Liu et K.C. Yeh 


SCAHAIRE 


Au corn de cea derniAres inniN, on a accuaulA lea aises en evidence expArinentaies qui 
ont acntrA quo lea ondes acouatiques et de gravity de 1'ataosphAre neutre peuvent At re produitea 
par diverae* source* naturelJ.es et artificiellea telles que dea treublaaeuts de terre, daa fronts 
de perturbations aAtAorologiquea, dea explosions nuclAaires dans 1'ataoaphAre, dea courants-jets, 
dea dAplscaaenta super sent quea d'arce auroraux, das sous-orages auroraux, dea Eclipses de soleil, 
dea avion* A reaction, dea lancers de fusAes, etc,. On peut considArer ces divers mAcanisaen 
d'excitation ccaaK appartenact A l'un dea troia types de sources suivants, ou ccsae reprAsentant 
une coabinaison de ceux-ci : production de aasiu, production de quantity de uouvement. et produc¬ 
tion d'Anargie j que J.'on peut Atudier d'une fa;on trA* gAnArale, On considArc tout d'abord le 
cas da aourcee etationnaires. La rAponae tranaitoire et la forme gAnArale de l'onde en un point 
d'obaervation donnA dApendent d'un ceitain nonbre de paranAtres tela que l'altitude et la distance 
de ce point, l'imitent d'obaervation, la dApendance spatiale et tesqporelle de la source, la natvre 
de le eource, etc. On fouruirs une Atude syatAaatique de la rAponae tranaitoire en fonction de 
certains da cea paraaAtrea, dans I'espoir que cette approche puiase se rAvAler de quelque utilitA 
aux expAriaentataure pour 1'identification de diveraes sources. 

Ensuite, l'exsuaen est Atendu aux sources itinArantes,pour les deux cas aubsoniques et 
supersociquea, Lss applications possibles de ces rAaultats aux problAmes d'excitetion, dans les- 
quela interviannant dee source* itinArantes, englobent : les lancers de fUsAes, les Aclipses 
de eole.il, les fronts de perturbetions mAtAorologiques, etc,, 

L’effet de sol prend de l'ixportance lorsque led sources eont situAee au voisinag^ du sol. 
On Atudie en particulier la rAponse tranaitoire de 1'atmosphAre a un mouvement du sol au cours d'un 
sAisa*. On diacutera le couplage entre ondes sismiques et atmosphAriques, 
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ABSTRACT 


Experimental evidences have been accumulated in the last several years to indicate 
that acoustic-gravity waves in the neutral atmosphere can be generated by various 
natural and artificial sources such as earthquakes, severe weather fron's, nuclear de¬ 
tonations in the atmosphere, jet streams, supersonic displacements of auroral arcs, 
auroral substoims, solar eclipse, jet aircrafts, rocket launchings, etc. These various 
excitation mechanisms can be considered as one or a combination of the three types of 
sources: mass production, momentum production and energy production which can be stud¬ 
ied in a very general fashion. We consider first the case of stationary sources. It 
is shown that the transient response and the overall wave form at a given observation 
point depend on a number of parameters such as the height and the range of the observa¬ 
tion point, the time of observation, the spatial and temporal dependence of the source, 
the nature of the source, etc. A systematic study of some of these parametric depen¬ 
dences of the transient response will be given. It is hoped that the approach may be 
of some use to the experimentalists for the identification of various sources. 

The investigation is next extended to traveling sources for both supersonic and 
subsonic cases. Possible applications of the results to excitation problems involving 
moving sources include rocket launching, solar eclipse, weather fronts, etc. 

The ground effect becomes important when the sources are near the ground. In par- 
ticu ur, we study the transient response of the atmosphere due to ground movement during 
an earthquake. Coupling between th'S seismic and the atmospheric waves will be discussed. 

1. INTRODUCTION 

One of the most important problems in the study of acoustic-gravity waves in the 
thermosphere is the source problem. Whether one is interested in the dynamics of the 
ionosphere or concerned with the effects of traveling disturbances on communication, it 
is essential that one knows where, when and how those waves are excited. Experimental 
and theoretical studies have suggested many possible generating mechamisms, such as 
nuclear detonation in the atmosphere (Oieminger, W. and Hohl, H., 1962; Obayashi, T., 

1962; Wickeraham, A. F., 1966), earthquakes (Davies, K., and Baker, C. M. , 1965; Yuen, 

P. C., et. al., 1969), supersonic displacement of auroral arcs (Wilson, C. R.. 1969), 
polar aub3torms (Davies, M. J., and da Rosa, A. V. , 1969), tropospheric storms (Georges, 

T. M., 1968; Baker, D. M. and Davies, K., 1969), solar eclipse (Chimonas, G. and Hines, 

C. O., 1970) and many more. These various excitation mechanisms can be considered as 
one or a combination of the three types of sources: mass production, momentum production 
and energy production plus the effects of the boundary surface. In this paper, the tran¬ 
sient excitation of acoustic-gravity waves in an isothermal atmosphere due to these three 
types of sources and the boundary effect will be studied in a very general fashion. 
Specific examples will be given with the emphasis on the dependence of the transient 
response on the various observable parameters. 

In section 2 the problem is formulated in a general manner. Asymptotic techniques 
useful in obtaining far field expressions are reviewed briefly. The case of stationary 
source is treated in section 3 and 3ome results are discussed. In section 4, the moving 
source problem is investigated. The ground effect and the coupling between ground move¬ 
ment and atmospheric waves are studied in section 5. Some conclusions are discussed in 
section 6. 

2. GENERAL FORMULATION 

Let us consider a stationary, non-rot.ating atmosphere made of inviacid ideal gas. 

The equations that govern the dynamics of this atmosphere are derived from the conserva¬ 
tion laws and are given by 

3p/3t + V•(pv) » q, 

p (3/31 + v* V) v + Vp - pg = q (1) 

p Y (8/8t + v-V)(pp' Y ) = (Y - l)q j 

where p, p and v are the density, pressure antj velocity of the fluid particles respec¬ 
tively, y is the ratio of specific heats and g is the gravitational acceleration. q,, 

and q, are respectively the late of mass production per unit volume, the rate of momen¬ 
tum production per ur.it volume and the rate of heat production per unit vol'ime. These 
source terms are generally functions of time and space and are assumed to be localized. 



The equilibrium atmosphere it assumsd to bo isothermal with an exponential variation in 
density and pressure characterized by the scale height 

H - T/mg - c 2 /yg <2) 

whore T is the temperature in energy units, c is the speed of sound of tins isothermal 
atmosphere. 

To study small amplitude acoustic-gravity waves in the atmosphere, we apply the 
usual linearization procedure tc (1) by writing 

p -» p 9 + p 1 , p “P 0 + p 1 , v» 0 + v (3) 

where the second terms on the right hand side are the perturbed quantities. Substitut¬ 
ing (3) into (1) and linearizing the resulting equations, a sot of differential equa¬ 
tions for the perturbed quantities are obtained. Tt can be expressed in matrix form 


& f - 5 

where the matrix operator is given by 


3/3z - 1/2H 


3/3z - 1/2H 


and the field vector I? and the source vector are given by 


Eq. f 4) can be recast into the form 

D(V,3/3t.i? - § (7) 

where D(V,3/3t) ia a scalar operator 
D(i,3/3t) - det «Q 

- aV^t* - c J oVat 2 ) (v 2 - i/4h 2 ) - u£c 2 v 2 (8) 

and • 3 2 /3x 2 + 3 2 /3y 2 is the norizontal Laplacian, 

w b " <y - i) l/j g/<= (9) 

is the Brunt-Vaxsala frequency. 

5 in (7) is the equivalent source function given by 

5 - A $ (10) 

where is the adjoint operator of Jfi. 

The operator U(V,3/3t) in (8) is called the acoustic-gravity wave operator. We see 
that regardless of the type of source, the transient response of the isothermal atmos¬ 
phere is governed by an equation of the type (7) and the boundary and radiation condi¬ 
tions. The tr?jisient response, therefore, depends on our ability to solve (7). Eq. (7) 
can be solved by the transform technique and the solution may be written formally as 


?(r,t) » ^ |? (r - w) exp t-iwt) d(u 


i f l(it,t 
(2r) J D(k,i 


exp (ik•r)dk 








D(£,w) - u'(u' - w*) - u'c'lll - u'/ii) (ItJ + ky) + k 3 z ) (13) 

i(j£,u>) is the Fourier transform of the equivalent source function, and w - c/2H is the 
acoustic cutoff frequency. ' 

To satisfy the causality principle, the integration path T in (11) is taken parallel 
to the real w-axis and above all singularities of the integrand. 

Eq. (1.1) is the general solution for the excitation of acoustic-gravity waver in an 
isothermal atmosphere by arbitrary sources. The inverse transform in (.11) and (12) in 
general are difficult and for most sources no closed form solutions are possible. In 
this paper, however, our main interest is the radiation field far away from the localized 
sources. For this case, asymptotic techniques are available to yield physically meaning¬ 
ful, simple and analytic expressions. In the following, suveral cases will be discussed. 

3. STATIONARY SOURCES 

We first consider the case where the sources are stationary. For this case, we can 
integrate (12) using the asymptotic method developed by Lighthill (1960). The technique 
makes use of the dispersion surface D(k,w) - 0 in k-space. The normal to the dispersion 
surface indicates the direction of the group velocity (Lighthill, M. J., 1960). The 
asymptotic method is based on the idea that at any observation point r far away from the 
source, the contribution to the radiation fields come only from those rays whose group 
velocity vector lie in the jame direction as r. Using this technique, a rather simple 
far-field expression for ?<r,w) in (12) can be obtained (Liu, C. H. and Yeh, K. C., 

1971). Substituting this expression into (11), we are left with the w-integration. 

Again, tor far field, this integral can be evaluated using the saddle point technique 
(Felsen, L. H., 1969). The general results indicate that a high frequency spherical 
acoustic mode arrives at an observation point first. Some time later a cylindrical 
caustic at a lower frequency, say, w less than arrives and then splits into two 
frequencies, the one with is called the buoyancy mode and the one with w<ui the 

internal gravity mode. From this instant on, the total response consists of all these 

three modes. As time increases, the frequencies of the three modes approach ui a , uijj and 

*> w^z/r respectively. Note that z/r « cos6 where 9 is the polar angle of the observa¬ 
tion point in a coordinate system with the origin inside the source region. If the 
source is harmonic in time with frequency w a , then some time after the arrival of the 
acoustic precussor at the observation point, the main signal with frequency w g will arrive 
with the group velocity corresponding to w a . General expressions for the transient re¬ 
sponse at different time intervals were given by Liu and Yeh (1971)- In particular, 
explicit expressions for the transient response due to impulsive point source were de¬ 
rived there (also sec Cole, J. D. and Greifinger, C., 1969) and numerical computations 
were made for various cases. Fig. 1 shows a sample of the results. It can be seen from 
the figure that at any observation point, for large observation timer the total signal 
includes a dominant gravity mode with a smaller acoustic mode superimposed on it. Figs. 

2 and 3 indicate that this is true in general. Fig. 2 showi, the constant Rga curves in 
r - ct plane for z * 300 km, where is the amplitude ratio between the gravity mode 

and the acoustic mode. We see that for a given observat ion point (fixed r), the ratio 

RqA increases as time increases. At a given time, the contribution from the acoustic 
mode is more important for a more distant observation point (larger r). Fig. 3 shows 
the same plot for the amplitude ratio between gravity and buoyancy modes. The 

general behavior is 'about the same as for Rq A . However, we note that at a given obser¬ 
vation point, at a given time, the amplitude of the buoyancy mode is the smallest of the 
three. 

Therefore, at a given observation point, as time increases (for standard F-region 
parameters, the time corresponds to ct greater than 2r n. 2.5r), the gravity mode domi¬ 
nates the response. The frequency for this mode approaches w c «= uij^z/r as t increases. 

Row (1967) has used this idea to interpret successfully the ionospheric traveling dis¬ 
turbance caused by nuclear detonation. Additionally, because of the range dependence 
of it se ms that certain information about the location of the source may be obtained 
by meaaur.ng the wave frequency at different observation points. However, great care 
should be exercised when one attempts to do such experiments. Since, depending on the 
range r and time t, the signal is at the different stages of the transient response, i.e., 
the frequency of the response may not coincide exactly with u> c . Fig. 4 shows the varia¬ 
tion of the wave frequency for gravity mode vs. the range r for z « 300 km and ct » 5000 
km. The dotted curve is for w « w c = u^z/r. It is seen that for large r, the actual 
frequency may differ from w c by as'much as 20». 

4. MOVING SOURCES 

For sources that travel with constant speeds such that 3 = £ (r - vt,t), the general 
formula (11) can still be used. Asymptotic techniques are also available to obtain the 
far field response fLighthill, M. J., 1967). In this section, however, instead of study¬ 
ing the general case, we shall concentrate on a traveling impulsive point source. In 
this case, a more direct approach is possible. This again may be thought of as the 
Green's function or propagator for the general case. 

Consider an impulsive po it source moving in the horizontal direction with a con¬ 
stant speed u. If the coordinate system is chosen such that the x-axis is along the 
trajectory of the source, then the equation fcr the Green's function after Fourier trans¬ 
form in time can be written as 


lv ! l 








K-4 

. 3 W 2 (u) 2 -W 2 ) 1 

-*- j g • —: --i (y) <5 ( r ) exp (iiox/u) (14) 

3 1 2 c 2 I uc 1 

The solution for (14) satisfying the radiation condition is given by 

i / w 1 •• a )’ 

G (x, s,w) --H'J' K(w)alexp(iu>x/u) (15) 

4c' 1 uu 

where H*‘*(x) is the Kankel function of first kind of zero.h order, s - (y 2 + i 2 ) /2 in 
the radial distance from the trajectory of the source point and 


3 2 + _3j_ + ui 2 

. 3x 2 3y 2 u)J- “b 


i(u>) 



(16) 


In (16), 0 « u/c is the Mach numberof the moving source and u> 1 is a characteristic cut¬ 
off frequency defined by 

al,,2 _ ,,2 v 'A 

/0 W - 


/ 0‘W‘ - w‘ \ 
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Inverse transforming (15) in u>, we obtain 
1 i f ( w 2 -^ 2 )^ 2 

G (x, s, t ) » ^ —— j ---H* 1 ' [5 (ui) s Jexp [-iw (t-x/u) ]dw (18) 


This is the formal solution of the transient response due to a traveling impulsive 
point source. For far field such that S is large, asymptotic expression for the Hankel 
function can be used and the resulting integral can be evaluated by the saddle point 
method (Felson, L. B., 1969). 


For sources traveling with supersonic speed such that 8>1, it is easy to show that 
the response is confined within a conical region trailing behind the source with the apex 
angle 0 a given by 

9 a - sin‘‘ (1/0) (19) 

This corresponds to the well known Cerenkov cone. 

For this case, the cutoff frequency w, is greater than u> a . The transient behavior 
at an observation point within the cone is similar to that of the stationary case, with 
playing the role of acoustic cutoff frequency. In general, three inodes contribute to 
the signal. They are the same acoustic, buoyancy and gravity modes. As time increases, 
the frequencies of the modes approach u,, and u c respectively. The asymptotic expres¬ 
sions for the different modes at various time intervals are rather complicated and will 
not be given heir*. Instead, we compare the amplitudes of the three modes at large times. 
The amplitude ratio between the gravity and the acoustic modes Ry A is given by 


* /(6 2 w*/<i>£ - l)/(w 2 /o>£ - 1) (tan<*>/6) (20) 

- 1 

and is independent of time, where 4 » cos (z/s). 

Therefore, at a given observation height, the farther the observation point is away 
from the source, the smaller is the acoustic mode contribution to the total response. 

(We note that cases corresponding to $ » 0 and m/2 art degenerate cases and should be 
treated separately from the beginning). For a given observation point, the ratio Rq a 
depends on the Mach number 0. Fig. 5 shows the variation of Ry A /tan4> as a function of 
0. The ratio increases as 0 increases and approaches a constant value l//l - u^/u' 
for a large Mach number. 

The variation of Rqb' the amplitude ratio between the gravity and buoyancy modes, 
is depicted in Fig. 6. Here, constant Rcurves are plotted in the ct,-s phane, where 
t, - t - x/u. At a given observation point, the larger t is, the greater is the ratio 
R^u. In general, buoyancy mode is very small as compared with the gravity mode. The 
ratio Ryg does not depend on the Mach number 0. 

Next, we consider the case where the source moves with a subsonic speed. For this 
case, 0<1 and 'Ihere is no Cerenkov corse. For 0 close to 1, only two modes 

(gravity and l uoyancy) are present ir> the response. The acoustic mode is not excited. 
For even smaller P, there are three modes with asymptotic frequencies approaching w,, 
w c respectively. The analysis is the same as for the c .se 0>1. Fig. 7 shows R Gl as a 
function cf 0, where Ry t is the amplitude ratio between the gravity mode and themode 
at Wj. ’Ve note that when the source moves very slowly, the gravity mode is by tar the 






moat. dominant component of the response. 


5. THE OROUND EFFECTS 

The above discussion can be extended to include the effects of the ground. The 
major modification will be the additional contribution from a reflected wave and a 
surface wavu. Thejr transient behavior may be evaluated in the same manner as indicated 
above. A more interesting problem is the excitation of acoustic-gravity waves by ground 
movements. In the following, a simple model will be used to investigate this problem. 

We start by considering (7) for the component F s , which is related to the vertical 
component of the velocity. Assume that there is no source so that S 5 * 0. The movement 
of the ground is taken into account as the boundary condition. 

Assume that the gi'ound moves according to the equation 


z =» z 0 cos k ( (x - ut) H [k t (ut-x) J (21) 


where H(x) is the unit step function, k, and u are tha wave number and the phase velocity 
of the surface wave on the ground respectively. This movement of the ground forces the 
atmosphere into motion and since z 0 is small in comparison with the wavelength of the 
acoustic-gravity wave, we can write approximately at z = 0. 


v 


zo 


dz I 

at | 

z «= 0 


( 22 ) 


where z is given by (21). 

This is the required boundary condition for eq. (7) for the vertical component of 
the velocity. The solution may be obtained by the transform technique and we have, 
formally, 

* z o 

v 2 (r,t) = exp(z/2H) I (23) 

Here I is an integral defined by 

I = f --- exp{-i(u)t - 5(ui)z3}dw (24) 

> u> 2 -k?u 2 


where 


Uu>) » J (0 2 -1) (u> 2 -u> 2 )/Sc (25) 

and Wj is given by (17), and t, = t - x/u. 

The integral (24) can be evaluated by the saddle point method. For 8>1, it can 
be shown by closing the contour of integration in the upper half w-plane that signal 
can only be found within a certain region above the ground. For a given t, the boundary 
of that region in the x-z plane is defined by the straight line 

x +/0 J - l‘ z - ut (26) 


which is above the ground and trailing behind the front of the surface wave on the ground. 
The apex angle of thi3 boundary is given by sin -1 il/8). 

At any observation point, a high frequency precussor arrives first. Then at the 

time 


t 0 » [x + z/8 2 -l/^l-wJ/kfu 2 ]/u (27) 

the main signal with frequency id - k u arrives. The asymptotic expressions at each 
time interval can be derived from (24) but will not be given here. For t>t 0 , the main 
signal dominates and is given by 

v 2 (r.tJ'ikj z 0 uexp (z/2H) sin [/6 2 -I /kju 2 -u> 2 z/u + kjfx-ut)) (28) 

We note that for the wave to propagate upward, kjU must be greater than u r For 
B>1, we have seen that . This means that the excited wave is in the acoustic branch. 

Experimental evidence has shown that traveling ionospheric disturbances can be related to 
the traveling seismic waves on the surface cf the earth (Yuen, P. C. et. al., 1969), 

As a numerical example, we consider the wave excited by a Rayleigh wave of period 25 
seconds and speed 3,9 km/sec. The ground moves 5mm (z 0 = 5mm). For these' parameters, 
the corresponding v, z at a height of 150 km is approximately 30m/sec. 

6. CONCLUSION 

We have 3een in this paper chat the excitation of acoustic-gravity waves in ar. iso¬ 
thermal atmosphere by various sources can be treated in a unified fashion. In our 
approach the atmospheric response to any source is described by the differential equation 
(7) with a gravity wave operator given by (8). Since the gravity wave operator is a 
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differential operator with constant coefficients, the problem can be formally solved by 
the transform technique. As is usually the case in the transform technique the inver¬ 
sion can be difficult and for our problem it is not possible to do it in general. However, 
asymptotic methods can be used if radiation fields are interested. Three examples are 
considered to illustrate the technique. They are: (i) localized stationary source, (ii) 

moving point source, and (iii) coupling with traveling seismic waves. 

When the source is localized, impulsive and stationary the large-time radiation 
field is composed of three components: acoustic mode, buoyancy mode and gravity mode. 
Relative magnitudes of these three components are examined. It is shown that the 
largest component in the radiation zone is given by the gravity mode. As time increases 
the total response can be described as essentially given by the low frequency gravity 
conn anent modulated by the high frequency acoustic component. The buoyancy mode is 
least important. 

Acoustic-gravity waves can be generated when the source is in steady motion. When 
the source travels with a supersonic speed, the radiation is confined within a characteris¬ 
tic Cerenkov cone trailing behind the source. For an impulsive point source, three modes 
are excited, with gravity mode having the largest amplitude. Due to motion the acoustic 
mode has a characteristic frequency modified by the Mach number. The radiation is still 
possible if the source is subsonic. In this case the Cerenkov cone is absent and the 
acoustic mode is not excited. 

The presence of solid ground introduces additional complications in the radiation 
problem. The ground may reflect the wave and it may also guide the wave. When the 
ground is forced into motion it may also excite atmospheric waves. Following an earth¬ 
quake the traveling seismic waves may couple energy into the atmosphere and this energy 
can be carried away to the thermosphere in the form of waves. Since Rayleigh waves have 

periods of the order of 25 seconds, the excited waves are all in the acoustic branch. 

Because of the exponential growth factor with, height, a small ground movement may give 

rise to detectable perturbations in the ionosphere. As an example, it is shown that a 
5mm movement on the ground can excite a wave which has an associated air parcel velocity 
30 m/sec at a height of 150 km. 

It is interesting to point out that these different excitation mechamisms can excite 
waves with different characteristic frequencies. Therefore, experimental determination 
of these characteristic frequencies can yield information not only about the nature of 
excitation but also about certain physical parameters of interest such as distance to 
the source, velocity of sound, etc. 
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DISCUSSIONS ON TIC PAPERS PRESENT!!) IN SESSION 1 A , 

(Acoustic gravity waves in the neutral terrestrial atmosphere. Natural sources and propagation) 


Discussion on prper 1 : "3cm' analogis* bstv«*n the propagation of ionospheric radio veves and acoustic- 

gravity wares", by It, DAVIES, 

Dr. R,K, COOK i Tha author describee acoustical wares which occur at frequencies higher than the atmo¬ 
spheric resonant frequency, and acoustic-gravity waves which occur at frequencies lower than tha VKiallC- 
Rrunt frequency in an isothermal atmosphere. There is s third mods for sound propagation, the Lamb wave, 
which occurs at all frequencies f including those between the reeonant and ViisAJ-a-Brunt frequencies. The 
Lflseb ware propagation la in a direction parallel to the earth's surface, hater papers in this Meeting 
discuss its significance for the propagation of eound over global distancen in the atmosphere, at infra- 
conic frequencies, 

i i . 

Dr, K. DAVIES i 1 was refering to internally propagating wares only. 


Discussion on pa ^sr 2 i "3 D Ray tracing for acoustic—gravity daves", by T,M* GEORGES, 

Dr, R.K. COOK t Ray-tracing techniques show clearly the non-reciprocal character of sound propagation in 
a windy atmosphere, Thi* is true also for electromagnetic wave propagation in a moving material medium \ 
the reciprocal theorem dose sot hold. In 19th century language, the "ether" is partially dragged along by 
the moving medium, the relative .velocity being dependent on the index of refraction of the material Medium 
In the windy atmosphere, the departure from reciprocity is relatively much lese for electromagnetic waves 
than for sound waves, 

Sven with no wind, hut with a steady magnetic field present in a material mediae, the propagation 
of elactremagnetic waves is non-reciprocal. This occurs because the component of the magnetic field wtaiteh 
is parallel to the direction of propagation causes a rotation of the plane of polarisation (the Faraday 
rotation) directly proportional to the strength of the magnetic field. 

Prof, A.D. FIKRCE : Possible instances of eases when ray tracing techniques to tiradict wave amplitudes 
became inexplicable is at points or loci of points (caustics) where adjacent rays interest, 

Dr. T.K. Q.UOROE8 : Although purs geometrical acoustics fails at caustics, several apparently successful 
techniques have been developed to "patch-up" ray-tracing programs with full-wave and / or phase-integral 
calculation* of field strength at place* where fldx-tub*. arguments break down. These tech liques have po¬ 
tential for greatly enhancing the utility of ray technique*. 


Discussion on paper 1. by K. PAVI£8 and paper 2 by T,M, GEOROES, 

C.F, F. BALLET : Comment sire* 1, Doha Iss tb6orios nagnftoionique dune port et acoust.ique at t\* gravity 
d'autre part, on obtient pour l'oudo plane une Equation de dispersion et unc Aquation qui fourhit la di¬ 
rection du rayon, Poraque lc« milieux de propagation sent au repos, il act facile de voir, eur let,' Aqua¬ 
tions, qua lee chamins sent rAciproques, La non-rAciprccitA dee chemise lorsque le milieu ionieA c i neut.re 
set animA d’un nouvmant de translation, unifor** dans chaque stratification, eat asset fictive et revient 
i un simple changmseot de repdree, Csrt effet de non-rAciprocitA set, pretiquoaent toujour* nAgligegb. e pout- 
lee ondee AlectromagcAtiquae sc propageant dans 1’atmosphere ionisAe, 

2, La diffArenee important* per las complications qu'elle crAe eat, eemble-t-il, la suivante. 

Pour lea ondes acoustiquee ou ocoustiques et de graritA, on peut coneidArer un noddle simple spbAriqua 
puisque le champ de gravitA eat hcmocentrique, II en rAsulte dee txajsctoxres planes et dee symAtries. Per 
contra, pour lea ondes AlectrosmignAtiquee, Le champ magnAtique terreetre qui n'est.pas bomocentriqu* cou- 
plique le noddle. Lee trajectoirea sont gauches et diseyiiAtriques en (Antral, Eiifin, de l'effet Faraday 
rAaulte la oon-rAciprocitA de polarisation. 

Dr, K. DAVIES : In the case of acoustic gravity waves propagating in a moving dispersive atmosphere some 
non-reciprocal effects may arise. Going downwind the intrinsic frequency is u - k U where w is the wave 
frequency, k the propagation number and IJ the wind.. Upwind the intrinsic frequency is u + k U, Bence there 
nay veil be non-reciprocal propagation. 

Dr, T,M, GEORGES : Ray-path reciprocity requires that a stadium's refractive index everywhere remain inva¬ 
riant with respect to a lOcP reversal of vavevector direction. Such is not the case for ecoustic (and con¬ 
sequently acoustic-gravity) waves in * moving fluid. Therefore the acoustic ray path from point a to point 
b in a moving fluid differs from the path from b to a. For electromagnetic waves in a stationary - aagneto- 
plamaa, refractive index docs not change upoa wave vector reversal \ therefore, electromagnetic ray paths 
in such a medium are reciprocal. Observed amplitude non-reciprocities in VLF waveguide are apparently due 
to anisotropy of the loss (absorption) on reflection from the upper waveguide boundary (the D region). 
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Discussion oa ww r 3 i "Qansruticro and prupsgat ion of sound waves between the lonoapher* and ths l enter 
stnoephsrs" , by l.K.COOK, 

Dr. Ch.R. VJiaot i Observation* of auroral infraionic wmvs* show that the generation ■•ctanim i« ujw«.. 
trie with respect to the direction of notion of tb« supersonic aurora raXativa to the direction of the 
E region electric field. Therefor® Lorontx force and not beat ia probably the source of the preeaure 
juKp within the aurora, an deacribed in paper 6. 

lour suggestion that the upward propagating ehock ware has a uejjatire phase nay explain the fre¬ 
quent observation of negative AIW in that the upward propagating ehock would be refracted hack to the 
ground by the themcapherc. 

Prof. R.K. COOK : The analyeie of thia paper eetabliahea a relationship botveeu the etrength or a heat 
eource (an auroral discharge) wiving at supsrscoic speed through the ionoephsre, and the strength (pres¬ 
sure Juep observed at ground level) of the weak ehock produced by the source. There are certainly other 
tMchesjeu (in addition to heating) which Might produce weak preeaure shocks having a supersonic horizon¬ 
tal trace velocity aw obeerved at ground level. Definitive data or the heating rate during an auroral dis¬ 
charge would, when available, lead to a good estimate for the preeaure jimp. 

The question of the asjametry of appearance of preeaure jumps, vis-i-vi* the direction of notion 
of superrouic auroral forms, seems to be still open in view of the observations reported by Liizka later 
on during this nesting. 

Dr, Ch.n. WILSOk t Dr. Lisxks hea stated that he has not observed the transient auroral bow wave type si¬ 
gnals which are the ones that chow the asysmetry described, 

Dr. A,D. PIERCE : The inference in this paper is evidently that the infraaonic oscillations aa observed 
at College, Alaska, luring aurortl activity nay actually be an all-Samplitude shocks, Would such shocks be 
audible tn someone on the ground 7 

Dr, R.K. COOK : The observed values of the preeaure jieepo caused by auroral supersonic notions era appro¬ 
ximately 1.0 */m 2 . Such jumps are probably too weak to be audihle to a casual observer, unattentive and 
in the presence of embient noise. Since the jump (% 10-5 atmosphere, a 3«all-*mplitude ehock) i.a well- 
agmd after propagation over distances of the order of tens of kilometers, its rise time is of the order 
of one second. Therefore it would be inaudible. The situation is quite different with respect to a sonic 
boom generated by the supersonic flight of aircraft. The preueurv jump i» typically 100 S/m 2 (a small- 
eir.pl it ude shock nonetheless), with a rite tine of the order of only a few milliseconds. The boom is quite 
audible even to an unattentive observer, and usually startles and annoys him. 


Discussion on icmper k i "A model for acoustic gravity wave excitation by buoyantly rising and oscillating 
air masses'* by A.D. PIERCE, 

Dr, B.L. NURPHT j (1) Few a supersonic fireball the fireball dimensions may be expected to be comparable 
with a scale height. Thus, rather then radial oscillations due to the greater than ambient pressure, ven¬ 
ting at the top would seem more likely, 

1 l 2 

(2) T I is not the available energy for wave generation : MV would be a better esti¬ 
mate where M is the fireball mass plus Darwin '« virtual mass and V io the initial rise velocity. This is 
the order of a fev times 10*3 jj f or megaton yields. 

Prof, H. VOLLASD j What is the physical, meaning of the drag force T 

Dr. A.D« PIERCE : The drag force has been inferred from experimental observations of Dcover and of Turner, 
so its underlying physical mechanism is not well understood, Hy present guess is that the apparent drag 
arises because the flow around the bubble or fireball is nob laminar. The wake and backside of a mushroo¬ 
ming cloud is turbulent. Perhaps the energy lost due to drag actually reappears as the kinetic energy of 
the turbulent wake. 

Discussion on gager 2 : (Validity of WKB approx, and Ray tracing). 

Prof. H. VGLLABD : Dr. Georges, can you coemient on the range of validity of ray-approximation for acouetic- 

gravity wavea 7 

Dr. T,M, GEORGES : The question of the "range of validity" of ray theory vis-s-vi* the WKB criterion must 
be answered in two ports : one has to do with the accuracy of the ray-path calculation itself, and the 
answer ia that one can always ccmpute the ray path (i.e., the path satisfying Fermat's Principle for some 
initial conditions) to toy desired accuracy for any wave in any medium, even if the WKB criterion is gross¬ 
ly violated. This fact is apparently not widely appreciated. The second answer has to do with how one in¬ 
terprets rsy paths ; i.e, ths adequacy of the ray picture for describing real wave phenomena. This answer 
must he a lot more Puny because "adequacy" obviously depends a great deal on vhst wave phenomena one is 
interested in. Ray theory obviously fails to predict wave amplitude when significant partial reflections 
occur, in the vicinity of caustics or turning points, or when waves travel multiple paths (as in wave 
guides), even when WKB is satisfied. On the other hand, WKB seems tc Oe much too stringent e criterion 
if one is interested in where wave energy goes in a gross sense, or in reflection heights of VLF radio 
waves or internal gravity vaves in the atmosphere, for example. Simultaneous ray and full-wave calcula¬ 
tions give very similar results in many cases in which the WKL criterion would predict a break down of ray 
theory. Clearly, then, a lot more work remain* in determining when one needs to "doctor" ray-path calcu¬ 
lations to account for purely wave-like effect*. At present it seem* safe to say that no one really knows 
exactly how to assess ray theory except by direct comparison with full-wave results. Like any other tool, 
it goes vithout saying, one has to know when to use it when not to. 
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Dienuuaion on pugr 5 i "Acourtic gravity (twi and iiffiuiion erfect* at the *A»o*ph»ric boundaries", by 
prof, r. Kima, 

Dr. C,H, LIU i In tha discussion of critical layer, 1 eight cdd ooe point. That i», whan the wav* approa¬ 
ches tha critical lajrac , .h* phase speed appr* .aches e«ro in tt a moving syetem, Hor«, tba non linear aifmnt* 

is tha avnne of "long waves" nay baccm* important, Thera la a recent paper by Branding in J, Kl'iid Mach, 
shoving seme nunsricol coa^putvd raaulta, f ->r same can**, uon-linnax effect* indead *r* appreciable, 

ft-of. K, W APHIDS : Tha oco-d ina&r tarn* ara undoubtedly important in some cusm , but hare t ha time scale en¬ 
visaged i« auch that tbeaa tarn* art not likely to b» ipqportaot, Theoretical raaulta to date give an indi¬ 

cation of the transient development of a broad bonded excitation in a non linear dispersive system. Bern* 
author* auggtet tha ehiaterso of a rr'ft aye pattern i* certain cases, while Breeding's raaulta would be in¬ 
valid if turbulence developed, Tula latter vevo-breahing aechanie* aa in Thorpe'* xxpsr imerste ii probably 
tha relevant one for the real ataoapharc. Thu* if non linear terns. arc important, than tha first require¬ 
ment i* a stability theorem a.g, a non linear Howard'a Theorem, 


Discussion on paper "Auroral snfraoonic wave generation mechanism", by Dr, C,fl, vniHOM, 

Dr, 0. HOLT : I would lika to suggest tha Ei D plasma instability aa a possible alternative mechanism for 
tha generation of AIW from moving auroral ?onuT, The inatability requires a strong gradient in the pleaaa 
density, of direction opposite to the electric field. During atable conditions, diffusion will act to 
smooth out tha gradient, but for an auroral fora in auperaonic notion, thia ia not poaaibla. The spectrum 
of plaama waves cauaed by the inatability will travel along the flout of tha arc, and tbeir energy night 
be transferred to the neutral gaa, Qualitatively, thia ia in agyaeaent with the aa yn e t ry of northward and 
southward motion observed by Wilton, Quantitatively, I do not know, 

Dr. Ch. WIL80N : I as not familiar with the 2x3 plaau, inatability but can only toy that any mechanism 
must produce a preesure pulee that ia of constant phase in the moving from* of reference of the aurora. 

At thia time I can not aea how varus traveling along the arc itself could be the source of a bow wave that i* 
traveling transverse to the arc. One should certain!} explore all poasiblo mechanisms however, 

Pinf. H. VOUJUSD : Obviously, your excitation mechanism dua to comcntis* coupling will work only within a 
small frequency range. Can you specify thia *pactral range T 

Dr. Ch, WILSON : The period of the bow wave ia approximately equal to L/V^ vhere I> ia the width of the ate 
and V, ia its auperaonic vslceity cf translation perpendicular to its long axis. If the ionisation collec¬ 
tion process is taking place, then L will be leas than the width of the arc depending on the Mach lumber 
of the arc. These considerations restrict, the period range for the mechanise! re am about 1 sec to 100 sec, 

Bref. H, VOLLAKD : The meridional electric field component should become aero around local midnight vithin 
the auroral oval. Can you relate your observed reduced activity of acoustic wave energy during midnight 
with auch behaviour T 

Dr. Ch. WTL80N s Yea, there is a decrease in the auroral infrasonic wave activity around local magnetic 
midnight that ia probably related to the decrease in the strength in £ around that time, 


Discussion on papers 6 and T 

Prof. II. VOLLAKD ; There appeexe to exist a discrepancy between the results of Wilson and Links, In 
Wilton's results, acoustic ware propagation from the south is excluded, which Wilson explains by the exci¬ 
tation mechanism within the auroral electrojet. This anisotropy it not aeeu in Liszka's results. What ia 
the reason for this discrepancy T 

Dr. Ch. WILSON : I.', ia not correct to say that a discrepancy in our observations exists whan one doea not 
know for certain that Lisxka'a jbaervotions at 2 Hz and mine in the paasband from 0,1, to 0,01 He are both 
due to the ease mechanism. My results concerning AIW refer only to bow wares due to supersonic motions of 
large scale electrojet auroras. There probably are other mechanisms which produce infrasonic vaveo in the 
auroim in a different frequency region such aa direct heating from auroral particles during pulsating aiv- 
rora or two-stream plasma instability to produce ion-acoustic waves in auroral arcs in the high frequency 
region with f > 0,1 Hr. and in the long period region with T > Bruno period. Joule heat lose in the elec¬ 
trojet probably produce* internal gravity waves with a time scale the order of the substoms rise-times of 
cay 5 to 10 minutes. 

It would be incorrect to aastxae that the process that I propose is tne only one operating throu¬ 
ghout the entire acoustic-gravity wave spectrum. J.t is just as incorrect to nsstxte that all infrasonic ra¬ 
diation from the aurora is due to the same excitation mechanism as it would be to any that all the electro¬ 
magnetic radiation from the aurora ia from the same process. 

Prof, R.K. COOK : It ia quite poeaible that Wilson (in Alaska) and Liszka (in Kiruna) are measuring the 
came acoustical waveform, both generated hy auroral motions at supersonic speed*. But the substantial dif¬ 
ferences in their graphic recordings come shout from tha quits different impedance factions (different fil¬ 
tering) of their respective electroacouatical apparatuses. The apparatus will give the correct time (to 
vithin a few seconds for Wilson's apparatus at which a transient sound pressure starts, but tbe subsequent 
recorded waveform depends strongly on the indicial admittance (associated with the impedance function) of 
the apparatus. The "true" waveform of the sound pressure is in principle obtainable by convolving (mathe¬ 
matical ly ) the recorded waveform with the indicial admittance. When this is attempted, though, the presence 
of noise makes Tt”Very difficult to arrive at the true waveform of the incident sound pressure of the au- 
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ral iufrasound. 

Or. LI 8 ZJCg i There are at least two further reason* which nay explain apparent difference* between re¬ 
sult* of Or, WILSON and mine i 

1« It aegr be seen, when making ray-tracing for specific wind and temperature profile*, that the propaga¬ 
tion of ware* in the minute range (a* those observed by Dr, WILSON) i* quite different from that ob- 
t aired for i&frasound in the H*-region, The cloeer the wave frequency to the acoustic-cut off, w , 
the larger will be difference* in propagation paths with respect to the infrasound in the Hs-ranfe, 

St As we in Kiruna axe using the phase detejtion technique, the aenaitivity of our equipment ie much 

larger than that of Dr. WILSON. So we are looking on aignale which are at laast one order of magnitude 
mealier than those observed by Dr. WllUOn, It ia therefore not surprising that thare are soma diffe¬ 
rence* between infrasound observed in two different frequency ranges and with different throe holds of 
detection. 


Discussion on paper 8 : "On waves generated by stationary and travelling sources in an isothermal atmo- 
spheie under gravity*, by C.H. LIU and K.C. YEH, 


Dr„ A. FIERCE : Have you considered the possible extension of this theory to include the case when one is 
receiving wavoe *t a tine when one just starts to receive the gravity wave pulee Y A* you know, there ie 
a maximum group velocity for gravity vaves between w and u , The stationary phaee approximation breaks 
down when one ia receiving that frequency for which €he grofp velocity is a maxima. 

Dr. C.H, LIU : Yea, this in the point : the horizontal line t « ck/r upproebes the t’e curve at u » u » 

At this point, the ordinary method of saddle point breaks down. A modified method can be used. It is° 
described for example in a paper by Falcon (IEEE Tract, O-AP.I 969 ). The solution is in term* of Airy func¬ 
tions instead of the usual slue, cosine functions. 

Dr. J, KLOOTERMSYEd 1 Where shall mass production in the continuity equation come from ? 

Dr. C. LIU : Our analysis aseumea the source terms are known. The source model is not discussed here. 

Prof. H, VOLLAHD : la it possible to discriminate between the various types of the excitation sources 
(mass, momentum or energy coupling) from a comparison between your theory and observations T 

Dr. C. H, LIU: Ve are begins log to look into this problem. This depends heavily on the form of the equi¬ 
valent source term 3, its epntial and temporal dependence. 

Dr. H. RISHBXTH 1 You assume that the group velocity of a wave observed at. a point must be pcrallel to 
the straight lino from the source to that point. This assienption must restrict your analysis to ranges 
much less than an earth radius, and will also fail at ranges for which waves reflected from the upper 
atmosphere can contribute to the observed signal. 

Dr C.H. LIU 1 The model we used is a flat earth one. We can extend the discussion to include the curva¬ 
ture of the earth, the reflection, etc.. But the dispersion surface vill be different. If the solution 
can be written formally as an inverse transform, then the asymptotic technique we discussed vill still 
•ppiy. 


Discussion on papers U and 8 : 

Dr. J, LOMAX : Dr. Pierce's paper shows a number of oscillations of the cloud about its stabilization 
altitude. Dr Liu's paper shows a transient response with sinusoidal oscillations for hundreds of minutes. 
As an experimentalist, I have not observed these undamped vibrations. My question is, have the authors 
ignored losses or damping for mathematical simplicity Y 

Dr. C.H. LIU : The loss mechanisms certsinly are very important. In the analysis, these loss effects may 
be taken into account. Also, even for the lossless case^ the amplitude of the response decreases as the 
distance of the observation point and the observation tune increase. 

Dr. A. PIERCE : Loss mechanisms on ocouatic-gravity wave propagation per 16 are generally negligible at 
low altitudes ; they become increasingly more important vhen a wave propagates at higher altitudes. The 
complexity they introduce into the analysis is so great that wave theorists tend to neglect them unless 
they believe these lose mechanisms would substantially alter their predictions. In aaiqr cases the quality 
of applicable data and the necessity of asking many assumptions about the largely unknown ambient state 
of the atmosphere suggests that only a rough agreement of theory with experiment can be achieved, ever 
vers loan mechanisms incorporated into the theory. In such cases, the incorporation of loss mechanisms 
would seem an unnecessary refinement unless they are of major significance in interpreting the general 
qualitative character)etic* of the date. Concerning the damping of the cloud oscillations, I believe any 
successful theory ahould incorporate wave damping. The theory presented here is still in s rudimentary 
state. It should be qualitatively correct if the cloud oscillates for several cycles before becoming suf¬ 
ficiently damped. Data concerning this teems to be largely unavailable, al ough laboratory scale expe¬ 
riments of Me Laron and Murphy (to be published) at Mt. Auburn Research Associates suggest 2 or 3 com¬ 
plete cycles may be observed. 
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Di, B. MURPHY : In that experiments mentioned by Dr, Pierce tvo main type* of damping are preeent | tliat 
due to lateral spreading of the cloud and that due to vava emission, Tha first type is traatad theoreti¬ 
cally in our papar, tha sacond is not, Do nuclaar clouds oacillata in a isannar similar to tha buoyant 
element in our laboratory t That is a quasiion that can only ba anavarad by ersmiuing tha nuclaar last 
data and, unfortunately, I an unavara of any unclaaaifiad treatment of thia problan. 

Prof. F. WARRED t There are three further relevant c cement* which could ba made, 

i) A uniformly atratified atuoaphere sight not ba tha appropriate nodal to uaa because of narked 
temperatures changes with height, A nodal with an inversion would ba nora useful in sane esses, 

ii) In this lattsr casa, theoretical attempts to solve a problem of damping by gravity waves 
(Stretenakii, Ursell, Warrsn end others) indicate that tha ultimate decay of vertical motion of 

a solid buoyant object about the hydrostatic equilibrium level ie monotonic e,g, like (time) - 3/2 
although oscillations do occur at earlier times, 

iii) Formula* for viscous or turbulent drag are probably unreliable for buoyant air masses because in 
this esse no boundary layers exist. 

Prof, F. WARPER : Certains ccement* might be nsde concerning certain results for lower atmosphsric pheno¬ 
mena : 

i) Mountain lee waves esn be important sources of gravity waves in the uppor atmosphere, 

ii) Results concerning the effect of the Coriolis ttra (in the neutral atmosphere) have been conside¬ 
red by W, Jones and othsrs, 

iii) Rosults of certain models of the fire ball problem indicate a monotonic decay. 

Dr. B.L. MURPHY : (Comment iii) 

I must call attention again to the question of what fireballs really do as opposed to what models do. 

Dr. K, DAVIES : I agree with Dr, Warren that this has been done for the neutral atmosphere but ahould be 
verified for the coeibined neutral and ion gases, 
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Somnalre 


On dtterte lea ondea acouatiques et de gravity produitea par des explosions nuclAaires a 
do grandee distances de lour point d'gmiesion grace A l'emploi do microbarographca sensibles, au 
sol, 1 l'emploi de la technique Doppler & hautea fr£quences, aux aHitudes ionosohfriquea, et a 
l'emploi d«a aiaraographea a longuec plriodes, On expliquc- la dispersion des ondea acouetiques et 
de gravity au niveau du aol en failant appal A la m6thode du mode normal pour une atmosphere stra- 
tifife, Dans le caa des ondoa acoustiquee et de gravitS detectAe« au niveau du aol, les modes a- 
couatiquea a eoui-te periode (periode infSrieure i ee-iron 2 minutes) prtaentent dea amplitudes plus 
tlevAea que lea modes de gravity A periode longue (periode auptrieure a environ 2 minutes), loroque 
les vents etratoapheriquee ae d£plarent dans la direction de propagation des ondes, Les modes de 
gravity ont dea amplitudes plus elevAea par vent de travera ou par vent vers le haut, Des enregis- 
trsments de perturbations ionoapheriques effectufcs avec une sonde Doppler indiquent une predominance 
des aodea acouatiques de courte periode aur lea modes de gravity, Selon la th£orie du mode normal, 
et la thforie dea ondes de Lamb, la density d'inergi«, pour les ondes de pfnode longue, dScrolt 
exponentiellement au fur et a meaure qu'on a 5 £lAve, et l'Snergie eat insuffisante pour provoquer des 
perturbations ionosphferiques. bet ondea acouatiques & p£riode courte sont dues a des modes partielle- 
ment canalises dans la baste atmosphere, avec dSperdition d'energie /ers 1'ionosphere. 
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SUMMARY_ 

Acoustic-gravity waves from nuclear explosi ms are detected at large distances 
from the source by sensitive mlcrofcarograph cn the ground, by high frequency Doppler 
technique at Ionospheric levels and by long-period seismographs. The dispersion of 
acoustic gravity waves at the ground level Is explained by using normal mode approach 
for a stratified atmosphere. For acoustlc-gravlty waves detected at the ground level, 
the short-period acoustic modes (period less than about 2 min.) have hipher amplitudes 
than the long-period gravity modes (period more than about 2 min.) when stratospheric 
winds are In the direction of propagation of the waves. The gravity modes have higher 
amplitudes for cross-wind and up-wlnd propagation. Dopplersonde records of Ionospheric 
disturbances show more predominance of shorter-period acoustic modes than the gravity 
modes. According to che normal mode theory and the Lamb wave theory, the energy 
density for long-period waves decreases exponentially with height ’’rom the ground, 
thus providing Insufficient energy for ionospheric disturbances. The short-period 
acoustic waves are due to partially ducted modes In the lower atmosphere providing 
leakage of energy into the ionosphere. 

1, INTRODUCTION 

Acoustic gravity waves have been detected at ionospheric levels and at the ground 
level in the atmosphere. Donn and Ewing (1962a, 1962b) find Donn and Shaw (1967) have 
provided the records of pressure fluctuation at ground level due to acoustic gravity 
waves from nuclear explosions in the atmosphere. Baker (1968) and Baker and Davies 
(1968) have published records and studies of ionospheric disturbances produced by 
nuclear explosions in the atmosphere. The observations were made at Boulder, Colorado, 
using high frequency Doppler technique. 

Acoustic gravity waves can also get coupled to the rround. Pecently Savlno and 
Rynn (1972) have reported detection of acoustic gravity waves from the Chinese nuclear 
test of Oct. l<i, 1970, on a worldwide network of long period seismographs. 

Acoustic gravity waves In the atmosphere get coupled to the ground through the 
mechanism of static loading. Since the amplitude of the coupled seismic wave Is 
dependent on the wavelength of the atmospheric wave, slower roving disturbances In 
the atmosphere due to wind and density discontinuities have negligible amplitudes In 
comparison to faster moving acoustic-gravity waves. The seismic detection of acoustic 
gravity waves may be an effective wav of filtering other atmospheric disturbances 
which may contaminate the microbarograph record. In this paper we will not go further 
into the mechanism of seismic coupling. Interested readers may refer to the recent 
paper by Savlno et al (1972). 

2. ACOUSTIC GRAVITY WAVES IN THE NEUTRAL ATMOSPHERE 

In this paper we will be concerned with acoustic gravity waves whose energy Is 
mainly channelled in the lower atmosphere (below an altitude of about 100 Km) with 
small amounts of energy leaking into the Ionospheric heights to produce disturbances 
there. The stratification of atmospheric parameters cause;, dispersion of acoustic 
gravity waves and If the above argument about channelling Is correct, a similar 
dispersion pattern should be observed both in the ground level pressure disturbance 
and the ionosphere disturbance produced by these waves. 

Dispersion curves for observed ground level pressure disturbance due to acoustic 
gravity waves have been given by Donn & Ewing (i^Aga, b) and Donn and .Chaw (1967). 
Extensive theoretical work has been done to explain the observed dispersion patterns. 
Most of the work has Involved multi-layer atmospheric models and numerical solution 
of the perturbation equations. Theoretical burograms have been computed which agree 
with the observations. 

The dispersion curves for observed pressure fluctuations due to acoustic gravity 
waves sometimes show, in addition to the most cowm normal dispersion when group 
velocity Increases with Increasing period, Inverse dispersion when the group velocity 
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decreases as the period of the waves Increases. Examples of such dispersion curves 
are given In Fig. 1. It 13 not possible to explain this type of Inverse dispersion 
If we use reasonable models of atmospheric temperature structure. But with the use 
of strong upper winds In the COSPAR atmospheric model It has been possible to explain 
the Inverse dispersion. Winds of the order of 100 metern/sec In the direction of 
propagation of the waves, around an altitude of about 100 Km were employed. The 
theoretical dispersion curves along with the observed dispersion pattern for the 
Russian nuclear test of 5 Aug. 1962 la given In Fig. 2, As may be seen from Fig. 2, 
there Is good agreement between the theory and observation. 

A typical pressure record of acoustic gravity waves (Fig. 3) show two distinct 
groups of waves. The long-period group of waves (period more than about 2 min) may 
be classified as gravity modes and the short period group of waves (period less than 
about 2 min) may be classified a3 acoustic modes. We have found, after examining the 
pressure records from various nuclear tests, that the relative amplitudes of the 
gravity and acoustic modes show considerable variation. Pierce et al. (1971) have 
shown that the amplitude of the long-period waves depends only on the yield of the 
explosion and the distance of the recording station from the test site. The amplitude 
is independent of the variation of the atmospheric parameters along the path. The 
acoustic modes on the other hand are very sensitive to the atmospheric parameters, 
especially In the lower 3ound channel (below about 50 Km). The synthesized barograms 
given by Pierce rt al (1973) is reproduced in Fig. along with appropriate micro¬ 
barograph records. According to this figure the amplitudes of the acoustic modes 
are much higher In the downwind direction in comparison with the amplitudes of the 
acoustic modes in the upwind direction. The amplitudes of the acoustic modes for 
cross-wind direction have intermediate values. The amplitudes of the gravity modes 
do riot change with the change in the direction of propagation. It Is concluded that 
when the direction of wave propagation Is in the direction of the stratospheric winds, 
the lower sound channel is intensified thereby trapping more energy than in the case 
of upwind and cross-wind directions of propagation. During winter months, when strong 
stratospheric winds blow from the west in the middle latitudes, the acoustic modes In 
the pressure waves produced by nuclear tests in the Pacific and recorded at eastern 
United States have very high amplitudes, higher than the amplitudes of gravity modes. 
During summer when stratospheric winds are easterly, the acoustic modes have smaller 
amplitudes than the amplitudes of gravity modes. The cases for Russian nuclear tests 
in Novaya Zemlya can be interpreted in a similar fashion. A more complete study of 
this phenomenon Including synthesized far-fleld Infrasonlc pressure fluctuation using 
actual temperature and wind data will be presented In a later paper (Donn and 
Ealachandran, 1972). The knowledge about the variation In the amplitudes of the 
acoustic modes are important for Ionospheric studies, because, as we will show later, 
the ionospheric perturbations are caused by these acoustic modes rather than by the 
longer period gravity modes. 

3. ACOUSTIC GRAVITY WAVES IN THE IONOSPHERE 

The main part of this paper will be concerned with an interpretation of the 
acoustic gravity waves from nuclear explosions observed at Ionospheric heights. Many 
authors have imported about these waves, but we will be making special reference to 
the observations of Ionospheric disturbances by high frequency continuous wave Doppler 
technique at Boulder, Colorado (Baker and Davies, 1968; Baker, 1968 and Baker and 
Cotten, 1971). Ionospheric disturbances from the Russian nuclear tests in Novaya 
Zemlya as well as U. S. tests in the Pacific, during 1961-62, have been reported. The 
arrival time of each ionospheric disturbance agrees with the appropriate group velocity 
for acoustic gravity waves ducted in the lower atmosphere. The authors of the paper 
cited above interpret the ionospheric disturbances as being caused by the energy of 
the acoustic gravity waves ducted in the lower atmosphere leaking Into ionospheric 
levels. The authors have pointed out the similarities between the ground level pressure 
oscillations and the ionospheric disturbance; but some difficulties remain. The most 
promlnant wave on the ground-level microbarograph record is, in general, a wave of 
period of about 5 minutes and the record contains waves of period from about 5 min. to 
about 0.5 mlri. The periods of waves observed in the ionospheric disturbances are in 
the range of about 2 min. to 0.5 min. Although one may expect the longer period 
waves, due to their higher wave length and thus less attenuation at higher elevations, 
to be present at ionospheric heights, these long-period waves are not prominent on 
the Doppler-sonde records. Also, there is a significant difference in the observable 
life-times of ionospheric and ground-level disturbances; the ground-level pressure 
disturbance lasting for a longer time than the ionospheric disturbance. Finally, 
following large nuclear tests the microbarographs have detected the wave wnlch travell¬ 
ed directly from the explosion to the detector (the Al wave), the wave which travelled 
to the detector along the longer route, passing through the antipode of the source 
(the A2 wave), the second passage of the direct wave after it lias circled the globe 
(A3 wave!, etc. But only the direct wave (Al) has been detected on the ionospheric 
records. We will try to answer these problems by studying the properties of the 
various modes which constitute the acoustic-gravity waves. 

A good example of acoustic gravity waves in the neutral atmosphere and the iono¬ 
sphere produced by nuclear te3ts is given in Fig. 5 (From Baker, 1968). As pointed 
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out by the author, the similarity between the waves In the Ionospheric disturbance and 
the wavqs on the microbarograph records In their group velocities and frequencies are 
remarkable The shorter duration of the waves on the Doppler sonde record may be 
noted. Also the present author believes that there are no waves on the Doppler sonde 
record which correspond to the first roughly four long-period waves on each of the 
mlcrobaropraph records. The long period waves seen on the Ionospheric record prior 
to about 2230 UT are, according to the present author. In the background, similar to 
the waves seen on the record after about 1?3X0 and that these waves are not connected 
with the nuclear teat. Fig. 6 shows another cane where waves of period about 300 sec 
are present on the microbarograph record but are absent on the Doppler sonde record. 
Both records show waves of period less than about 100 sec. Thus, although the micro- 
harcgraph record contains waves with periods from about 300 to 30 seconds, the doppler 
record shows only waves with periods less than about 100 sec. According to the 
terminology of Falachandran (1968), the microbarograph records show waves corresponding 
to gravity and acoustic modes for a multilayer atmosphere whereus the record of the 
Ionospheric disturbance shows waves corresponding to the acoustic modes only. An 
explanation as to why gravity modes are not seen on Doppler records will he given 
later. 


The similarity In the dispersion pattern of the mlcrobarograph and the doppler 
records Is evident from Fig. 7. Fig. 7(a) shows the running spectrum analysis of the 
short-period part of the Poughkeepsie, N. 7. pressure record for the U. .3. Nuclear 
test of Oct. 30, 1962. The diagram shows the variation of the spectral characteristics 
of the signal with time. It may be observed from the figure that the period of the 
waves gradually Increases from about 60 sec. to about 90 sec. with time (this corre¬ 
sponds to Inverse dispersion in group velocity) and then decreases from about 90 sec 
to about 50 sec (this corresponds to normal dispersion in grouo velocity). Fig. 7 (b) 
which Is a running spectrum analysis for the record of ionospheric disturbance et 
Boulder for the same te3t, shows similar dispersion pattern; Inverse dispersion from 
a period of about 60 sec to about 100 sec and normal dispersion from about 100 sec to 
about 60 sec. 


So much for the similarities of the waves observed at Ionospheric and ground 
levels. The absence of long-period waves on the records of iorospheric disturbance 
Is explained below. Pfeffer and Zarichny (1963) and Baiachandran (I960) have shown 
that the long period waves observed at the ground level are governed by the quasi- 
horizontal parts of the theoretical dispersion curves for a multilayer atmosphere. 

The energy density for waves corresponding to these parts of the curves decreases 
monotonlcally with height from the ground. hater, Garrett (1969), Dretherton (1969) 
and Pierce, Posey and Illlff l1971) have shown that for acoustic gravity waves of 
period more than about 2 min. the properties 01 the waves can be explained by invoking 
a modified form of Lamb's edge wave theory. Tie energy density for these waves 
decreases exponentially with height from the fround and the particle motions are 
horizontal. According to Bretherton (1969) tie energy for these waves is located 
mainly in the lowest 32 Km. of the atmosphere. The heory is applicable when the 
variation of sound speed and wind speed with height Is small In comparison with the 
sound speed at the ground arid the wavelength of the waves Is sufficiently large. The 
theory is valid for waves wLth period greater than about 2. min. As the wavelength 
becomes smaller, the effect of the variation of temperature and wind becomes more 
significant and the Lamb-wave theory is not applicable for waves with period less than 
about 2 min. Energy for these short-period waves is concentrated in the atmospheric 
sound channels. Thus, according to both the normal mode theory and the Lamb wave 
theory the energy distribution for waves of period more than about ? min Is such that 
sufficient energy does not reach ionospheric levels to cause any disturbance there, 
which explains the absence of these long-period waves on the Poppler-sonde records. 

To Illustrate the above reasoning a plot of the vertical variation of the amplitudes 
of perturbation pressure, vertical velocity and kinetic energy density for acoustic 
gravity waves (normal mode theory) of period 282 sec. is shown In Pig. 8. The theory 
and computational procedure used to obtain these curves are explained by Balachandran 
(1968). Appropriate temperature and wind data was Used to generate the dispersion 
curves and the vertical profiles of wave parameters. The data used was appropriate 
for the waves received at Poughkeepsie, N. Y. from the nuclear test in the Pacific 
on October 30, 1962. The exponential decrease of kinetic energy density and pressure 
with height Is evident from the figure. (The plots are in arbitrary units normalized 
with respect to the pressure at the ground). Although the amplitude of the vertical 
velocity shows an Increase above 100 Km. the amount of kinetic energy available is 
not sufficient to cause any disturbance at Ionospheric heights. 

In the case of acoustic gravity waves with period less than about 2 min., which 
corresponds to the acoustic modes in the normal mode approach, the picture Is quite 
different. Fig. 8 also shows pressure, vertical velocity and kinetic energy density 
profiles for waves with period 9 ( * sec and 69 sec respectively. The data used In the 
computation was the same as that for the waves with the period of 28? sec. It may 
be noticed that rather than decreasing exponentially with height, the energy is chan¬ 
nelled in the sound channel below about 100 km in the atmosphere. This is clear from 
the kinetic energy density profile in the figure. The ionospheric disturbance may be 
explained as being produced by the small amount of energy leaking from the duct. The 
profiles In Fig. 8 may not clearly show this picture because these profiles are plotted 
for fully ducted modes (by utilizing a semi-infinite layer, at the tori of the atmos¬ 
pheric model, In which the energy density decreases exponentially with height) of 
acoustic gravity waves. Put the ducting process may be explained bv the diagram and 
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If we imagine that the duet Is slightly imperfect, the picture of acoustic waves In the 
ionosphere becomes clear. 

The reason wh.v only the waves which travel along the snortest path on the globe 
are detected at Ionospheric levels may oe explained as follows. The short-period 
acoustic modes get attenuated when they travel along the longer path (A2 wave, A3 wave 
etc.) and only the long-period gravi t,. modes have sufficient amplitudes to be detected 
by the microbarograph at the ground level. .Since the gravity modes do not produce 
ionospheric disturbances, as we discussed earlier, i 3 signal is detected at ionospheric 
levels which correspond to A2 waves, A3 waves etc. which nre detected at the ground 
level. 


To summarize, acoustic gravity waves with periods more than about 2 minutes 
produced by nuclear explosions are not detected at Ionospheric heights, because their 
energy is confined to lower lovels of the atmosphere. Waves with period loss than 
about 2 min. are detected at ionospheric levels. These waves travel ar. partially 
ducted waves in the neutral atmosphere with energy leaking to ionospheric levels to 
cause disturbances there. 

It may be pointed out that in this paper we are considering only ionospheric and 
neutral atmospheric waves which travel with a group velocity roughly equal to the 
velocity of sound near the ground and not the higher group velocity waves reported by 
Tolstoy and Herron (1970). 
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PERIOD (min.) 


Fig. 1 Empirical dispersion curves showing normal and Inverse dispersion of acouctlc- 
gravity waves from the Soviet nuclear test of October ?3, 1961, recorded at 
various stations around the globe (From Donn, Pfeffer and Ewing, 1963) 



Fig. ?. Theoretical dispersion curves showing normal and Inverse dispersion for a 
temperature and wind stratified atmosphere. The points enclosed in small 
squares are empirical, for the mlcrobarogram at Palisades, 1J. Y. following 
the Soviet nuclear explosion of Aug. 5, 196?. 











ACOUSTIC PRESSURE 1/ibors) 


Pip. 3. Pressure fluctuations, recorded at Berkley, California due to air waves from 
the U. S. nuclear test in the Pacific on Oct. 30, 1962. The arrow indicates 
rouphly the separation of shorter period acoustic modes from the pravity 
inodes. 



Pip. 4. Theoretical mlcrobaroprams at a distance of 10,000 km from the source in 

various directions with respect to the wind. (Top elpht Curves, from Pierce 
et al., 1971). Appropriate empirical mlcrobaroprams are shown at the bottom 
of the fipure. 











30-31 OCTOBER 1962 


Fig. 5. Comparison of mlcrobarograms obtained at Poughkeepsie, New York (a) and 
Berkley, California (b) with Ionospheric disturbance above Boulder(c) 
following the nuclear explosion of October 30, 1962. (From Baker, I960) 


t (0) 5MM7. Boulder. <7269Km ) 





Fig. 6. Comparison of the records of Ionospheric disturbance above Boulder (a) with 
the mlcrobarogram at Palisades, New York (b) following the Soviet nuclear 
test of Sept. 10, 1961 in Nova.va Zemlya. The absence of long period waves 
on the Doppler record may be noticed. 










M?- 7(b) Record of Ionospheric disturbance at 
analysis for the explosion of October 


Boulder and th* 
30' 19b?. 


running, spectrum 






FOR 282 sec. FOR 95 sec. FOR 65 sec 


9. Plot of perturbation pressure (p) vertical velocity (w) and kinetic energy 
density (K.E.) for waves with various periods. (The period In seconds Is 
shown near each curve). 
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MISE AU POINT D'UN MODEL!. KEPPESENTANT DES SOURCES NUCLEAlRES 
GENERATRICES D'OMJES ACOUSTIPUES ET DE GRAVITL 


par 

B,L, Niirphy et S.L. kahalas 


SOMA IRE 


Inn auteurs (Kudicnt le rapport entre lea mouvements hydrodynamiques cre£s par une ex¬ 
plosion i foible altitude st lea perturbation* ionosphiriques qui en rfsultent, 11s considcrent 
l'code de choc ascendants et la Ixjule da feu qui e'flive coesne constituent toutes deux des sour¬ 
ces taydrodynaaiAques. 11a sontrent que l'on peut distinguer differentes parties dans le front de 
choc euivont la perturbation ionosphdrique qu'ellee crgent, la partie du front de choc rfflechie 
par 1# niveau d'altitude 100 1 12C ka produit des p&riodes de perturbation de l'ordre d'une minute 

pour une explosion d'une a£*atonne. La partie de 1'onde de choc qui Be propage au-dessus de 100- 

120 few ast reaponsahle, par un processus non-linisire cooplexe, de p€riodes de perturbation exce¬ 
llent 10 sinutes. Lea auteurs isontrent que la bo ule de feu a une aptitude maxim ale a engendrer des 
oodea ecouutiques et de gravity lorsqu'elle atteint son altitude de stabilisation et tend d un 
Cquilibre hydrodynaaique avec l'atmosphdre, La theorie et les experiences effectuees en laboratoirc 
■entrant que la boule de feu produit alors un spectre d'ondec avec des sonnets correspondent a des 

pEriodes ligireacnt plus longues que la periods umbiante de Brunt-Vlishla (= 5 minutes). 
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SUMMARY 

The relationship between hydrodynamic motions caused by a low altitude explosion and subsequent 
Ionospheric disturbances is reviewed. Both the upward going shock and the rising fireball are consider¬ 
ed as hydrodynamic sources. It is shown that different portions of the shock front may be classified in 
terms of the ionospheric disturbance they create. The portion of the shock front reflected from the 100- 
120 km altitude level produces disturbance periods the order of a minute for a megaton detonation. The 
portion of the shock front which propagates above the 100-120 km level is responsible* through a com¬ 
plex nonlinear process, for disturbance periods In excess of 10 minutes. It is shown that the fireball 
is most efficient in generating acoustic-gravity waves when it reaches its stabilization altitude and 
approaches hydrodynamic equilibrium with the atmosphere. Theory and laboratory experiment indicate that 
the fireball then produces a wave spectrum peaked at periods slightly longer than the ambient Brunt- 
Valsala period ( « 5 minutes). 

1. INTRODUCTION 

It Is known that large yield nuclear explosions result in ionospheric disturbances which can be 
observed by electromagnetic means at great distances from the explosion site. It is also widely recogniz¬ 
ed that these disturbances are a result of acoustic-gravity waves whose propagation is supported by the 
neutral fluid component of the ionosphere. A recent bibliography contains many references to observations 
and theory relating to detonation produced disturbances (THOMAS, J. E., et al., 1971). 

Much of the previous theoretical development deals with wave propagation rather than source 
modeling. It is to the latter topic that this paper Is devoted. In the subsequent discussion we outline 
how the hydrodynamic motions near a nuclear detonation result in the generation of acoustic-gravity waves 
and how the properties of these waves are determined by the explosion parameters. That is, how onset 
time, amplitude, and period of the ionospheric disturbance are related to explosion yield and height of 
burst. 


Because we concentrate on source modeling, we will not discuss wave propagation except insofar 
as it is necessary to do so to relate theoretical predictions to observations. Similarly, we do not 
consider how the neutral fluid motions determine ionospheric electron densities and hence the ultimate 
electromagnetic effect. This difficult problem has been treated by a number of authors (for example, 
HOOKE, W. H., 1968). 

Our treatment is limited to low altitude detonations where the initial energy deposition may be 
assumed to be local and spherically symmetric. For this type of detonation both the shock and the fire¬ 
ball can generate acoustic-gravity waves. The mechanisms which will be discussed are as follows: 

a. The direct effects of the shock are manifest as ionospheric signals with periods 
the order of a minute for a megaton detonation, the period being determined by 
the positive phase duration of the shock when it reaches the ionospheric level. 

The acoustic signal in this case undergoes multiple reflections between tne 
ground and the base of the ionosphere. The ducting is imperfect at the upper 
level and energy continuously leaks into the ionosphere. 

b. In addition, the short period (order of a minute) hydrodynamic motions that 
characterize the shock as it enters the ionosphere above the burst evolve into 
long period (10 minutes and more) disturbances through a highly nonlinear pro¬ 
cess occurring at the 100-120 km altitude level. This phenomenon, which has 
been demonstrated by numerical calculations (GREENE, J. S., Jr. and W. A. 

WHITAKER, 1968), Involves a refraction and folding over of the shock due to the 
rapid change in ambient temperature at this level. Long period wave propaga¬ 
tion due to this mechanism commences at 10 minutes or more after the detonation. 

This time, which is when the effective excitation appears to have begun accord¬ 
ing to a distant observer, is the time required for the shock to reach the 
ionospheric level and for the long period fluid motions to become established. 

c. Tne fireball is most efficient in generating acoustic-gravity waves when it has 
reached its terminal or stabilization altitude. It then approaches hydrodynamic 
equilibrium with the atmosphere on a time scale comparable with the Brunt-Vaisala 
period, the natural oscillation period of the atmosphere. This is also approxi¬ 
mately the time required for the fireball to reach its terminal altitude and wave 
generation to being. For, as will be shown, the fireball is not an efficient 
emitter of waves during the early portions of its rise. 

Acoustic-gravity wave generation during fireball terminal phase has been modeled 
in the laboratory and these experimental studies will be described. 
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As shown below, for megaton range detonations the energy available for wave 
generation by the fireball Is comparable to the energy available for long 
period wave generation by the shock. However, the dominant frequency of the 
waves generated by fireball stabilization Is only slightly less than the 
8runt-Va1sala frequency and waves of this frequency propagate at relatively 
steep angles to the horizontal. For this reason the fireball mechanism may 
only be capable of producing Ionospheric disturbances in the immediate vicin¬ 
ity of the burst location. 

These general remarks are discussed in more detail in the succeeding sections. We first dis¬ 
cuss the shock and then the fireball mechanism. We then assess the importance of these mechanisms in 
terms of the resulting Ionospheric effects, 

2. SHOCK WAVE GENERATION OF ACOUSTIC-GRAVITY WAVES 

It is useful to first consider the propagation of the shock front as it is refracted by the 
atmosphere. Different portions of the shock are refracted differently. This leads to a classification 
of different portions of the shock front In terms of the types of ionospheric disturbance that they create. 

At some distance from the burst point the shock becomes weak, that Is, the relative overpressure 
aP/P becomes much less than unity. aP Is the overpressure and P is the ambient Dressure. For 
example, for a megaton detonation aP/P = .1 at about 9 km ^lEHTO, D. L. and R. A. Larson, 1969). When the 
shock becomes weak the effects of atmospheric stratification and winds become important. 

An example of ray tracing calculations for a realistic (but windless) atmosphere is shown in 
Figure 1 (BARRY, G.. 1963) for a source located at the ground. The figure does not include any non¬ 
acoustic propagation effects such as those arising near the source where the shock is strong. The initial 
ray angles in Figure 1 start at zero degrees to the horizontal and increase in 5° increments. The ultimate 
behavior of different portions of the shock front is determined by the initial angle of propagation relative 
to the horizontal as indicated in Figure 1. As this angle is increased the different types of disturbance 
are: 

a. Acoustic disturbances reflected back toward the earth before reaching the 
ionosphere. In Figure 1 this corresponds to initial angles of less than 
20°. This type of signal may undergo repeated reflections between the 
ground and some higher level, in Figure 1 the 40 km region of the strato¬ 
sphere, where suitable temperature and wind conditions exist. When this 

- portion of the shock front becomes weak it may be repeatedly split by 

winds resulting in a mutipulse type o' infrasonic signal (MEECHAM, W. C., 

1968). 

b. The direct shock which reaches the 100-120 km level of the ionosphere 
before being reflected at the region of very sharp temperature increase. 

This signal, which corresponds to the interval from 20° to perhaps 35° 
in Figure 1, can be ducted between the base of the ionosphere and the 
ground as shewn. As discussed below, leakage from the upper portion of 
the duct to the ionosphere is probably responsible for acoustic-wave 
disturbances observed in the ionosphere (BAKER, D. M. and K. Davies, 1968). 

c. A portion of the shock front which propagates into the thermosphere beyond 
the 100-120 km level. This corresponds to angles of more than about 35° in 
Figure 1. Numerical calculations of the nonlinear hydrodynamics done by 
Greene and Whitaker (1968), which are discussed below, show that this por¬ 
tion of the shock loses much of its energy in the creation of a horizontally 
propagating disturbance behind the front. 

This disturbance is believed to be responsible for the very long period 
ionospheric perturbations observed at great distances following large yield 
explosions. 

Our concern in the following is with the portion of the shock front which reaches the 100-120 km 
altitude level. Throughout, only the primary shock wave is considered and secondary shocks due to reflec¬ 
tion from the fireball or the ground are neglected. 

We first determine the properties of the upward going shock at the 100-120 km altitude level. 

We then discuss the relationship of these shock properties to the properties of short period ionospheric 
disturbances. Finally we discuss the nonlinear process at the 100-120 km level which results in the gen¬ 
eration of long period ionospheric disturbances. 

2.1 The Upward Going Shock 

In this section we will calculate the relative overpressure and the positive phase duration of 
the shock at the base of the ionosphere as functions of yield and height of burst. These results are sub¬ 
sequently used to relate ionospheric disturbance properties to explosion parameters. To determine the pro¬ 
perties of the upward going shock a simplified scaling law known as modified Sachs scaling Is used (LUTZKY, 
M. and 0. L. Lehto, 1968) together with weak shock theory (REED, S. G., Jr., 1959). 

According to modified Sachs scaling the relative overpressure, in an inhomogeneous atmosphere, at 
a distance r from an explosion where the ambient pressure is P(r), is just the same as if the explosion had 
occurred in a homogeneous atmosphere with ambient pressure P(r). That is: 
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where Y is the explosion yield and f is the function which gives tne relative overpressure in a homogeneous 
atmosphere. An example of the application of modified Sachs scaling is shown in figure 2 where we compare 
the predictions of this scaling with the results of SAP and SHELL calculations for relative overpressure 
versus distance. SAP is a one dimensional Laqrangian hydrodynamic code and SHELL is a two dimensional 
Eulerian hydrodynamic code. These calculations are for shock propagation at 4S° from the horizontal due to 
a 4 MT Isothermal sphere at 5 km altitude (GREENE, J. S., Jr., personal communication, J971). The modified 
Sachs scaling curve has been constructed using the 1962 Standard atmosphere for the ambient pressure P(r) 
and the homogeneous atmosphere, real air, calculations of Lehto and Larson (1969) for the function f 
occurring In Eq. (1). Notice that the SHELL calculation consistently gives somewhat higher relative over¬ 
pressures below 100 km altitude than does SAP. This is because it Includes the effects of fireball rise 
which SAP does not. The rising fireball, particularly for large yields, prevents the shock from relieving 
backwards. At very small angles from the horizontal the differences between SHELL and SAP are negligible. 
Both SHELL and SAP show a drop In relative overpressure commencing at about 100 km altitude. The reason 
for this and its relation to acoustic-gravity wave generation at the ionospheric level will be discussed 
shortly. First we continue the discussion of modified Sachs scaling and the upward shock propagation. 

It Is not entirely clear why modified Sachs scaling works as well as it does. However, in this 
example, as well as In others not shown here, modified Sachs scaling is definitely more accurate than scal¬ 
ing of distance with respect to ambient pressure at the detonation altitude. Because modified Sachs scaling 
is expected to become more inaccurate with Increasing distance, we use It only to obtain starting values 
near the burst point for the application of weak shock theory. In using weak shock theory to obtain scaling 
laws for the shock properties on entering the Ionospheric level we make two simplifying assumptions: First, 
that the atmosphere can be approximated as exponential. Second, that in spite of refractive effects, each 
portion of the shock front propagates Independently with Its own effective radius of curvature. These 
assumptions are justified by the fact that we treat shock propagation in the atmosphere below 120 km altitude 
where the scale height is approximately constant and by the fact that we only consider the portion of the 
shock front which is not seriously refracted (I.e. reflected) before reaching the altitude in question. 


For reasons which appear below we begin using weak shock theory at a distance r 0 where aP/P = 
APg/P 0 first equals 0.2. Assuming that the atmosphere near the burst may be approximated as exponential 
this value of the function f occurring in Eq. (1) corresponds to (LEHTO, D. L. and R. A. Larson, 1969): 


-r„/3H 



(?-) 


where Y is the yield in kilotons, and P. is the ambient pressure at the burst point in atmospheres. H Is 
the effective scale height in kilometers for the (upward) direction being considered. 


At distances r > r Q we use the weak shock equations derived by Reed (1959). These are: 


AP 



(3) 


1 




(4) 


where t is the positive phase duration of the shock, y is the ratio of specific heats, and c is the speed 
of sound. Nonlinear (weak shock) effects are contained in Eq. (3) within the factor t°/t,. This factor 
as given by Eq. (4) Includes both the effects of dissipation at the shock front and positive phase length¬ 
ening due to the supersonic front velocity. 


The dependence of t f ori values of r Q may be eliminated by taking the 
Eqs. (3) and (4) and combining to obtain: 

111 „ AP 
" r P~ 


r 3 
2 ir 

For an exponential atmosphere this becomes: 

t - JiiiL 
+ * [i-V"f 


where 


AP 

V 


The value c' n is obtained from Eq. (1): 


n(r) 2 r — nn 


,p 1/3 

* kl ( r) 


3F 


logarithmic derivatives of 


(5) 


( 6 ) 

(7) 

( 8 ) 
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where f* Is the derivative of f with respect to Its argument and n b Is the value of n for a hotnoyeneous 
atmosphere (H -» «). The quantity n b Is plotted vs. relative overpressure In fig. 3, Note that, consis¬ 
tent with Figure 2, the minimum value of AP/P corresponding to n = 0 occurs at r = 3H, that Is at an 
altitude 3 scale heights above the burst point. 

Combining Eqs. (6) - (8) we obtain; 


v+1 _ AP 


r* i 

t „ ' r r __ 

(1 + V * k 0 + 7 n h> 

At r * r Q » aP 0 /P 0 * .2, and according to Figure 3, n^ = - ^ . Thus we obtain from Eq. 19): 


Y C 


(• 1 ) 


which permits Eqs. (3) and (4) to be written as: 


III 


(. 1) r / 1 + e 


-r„/2H 


[ E i(k|- E i (k)]] 


(9) 


CIO) 


( 11 ) 


aP 

V 


.2 e 


-(r -r)/2H 


M- E < (*)]}' 

where r fl is given by Eq. (2) and where the exponential integral E^ is defined as; 

x ♦ 

/ r«- 


^•(x) 


( 12 ) 


(13) 


-r /2H 


At the base of the Ionosphere (considering only low altitude detoriaticns) the term e 
^ l^j dominates In the radicals occurring in Eqs. (11) and (12) and furthermore may be Approximated as 

zh r r_r oi 

— expl-jp-,. 

-r /3H 

Making this approximation and using Eq. (2) to eliminate factors of r e we obtain from 

Eqs. (11) and (12): 0 


t = 075 ill f 1 — 

+ - 075 yc P h 


1/3 r /12H 


VT 


r/4H 


AP 


(14) 

(15) 


(1/3 r /12H r/4H 

= ' *r 

The factor e may be neglected since r b cannot be larger than 3H, the reason belnq that 

AP/P » .2 must occur before the minimum at rp = 3H if it is to occur at all. (According to Eq. (2), 

AP/P does not become as small as .2 for sea level yields in excess of 60 MT.) We set r/l! * (r-ZhJ/H,., where 

-V H S 

z Is the shock altitude, Is the burst altitude {e = P b ), and H s is the scale height in the vertical 

direction. Then taking Hr = 7 km, y = 1.4, and c = .31 km/sec as representative values below 120 km alti¬ 
tude we obtain the final form of our expressions for the shock positive phase duration and relative over¬ 
pressure: 

t f = 1.1 Y ,/3 P fa ' l/1Z - (16) 


- - .028 Y 


1/3 


-i/i2 VT-T. 


z/28 


(17) 


For 4MT at 5 km and for shock propagation at 45° from the horizontal Eq. (17) predicts aP/P - 1.2 
at 100 km altitude. The SAP and SHELL results shown in figure 1 both give about aP/P = 1.6 at this alti¬ 
tude. That the agreement Is only approximate is not surprising in view of the several assumptions made and 
in particular due to the fact that the weak shock theory employed becomes Inaccurate when AP/P * 1. For 
smaller yields or propagation closer to the horizontal the theoretical results should be more accurate. 

The properties of the shock when It reaches the ionospheric level are given by Eqs. (16) and (17). 

These properties, which will be used in the subsequent discussion, are as follows: 
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The relative overpressure and positive phase duration are both proportional 
to cube root of yield. 


Both relative overpressure and positive phase duration are Insensitive to 
height of burst at least # or low altitude detonations. Taking z to be 100 km 


-Z./H 


and recalling that » e 

respective height of burst dependences are: t + 
£ 1 + z b /145j , where z b Is In kilometers. 


where H is taken to be 7 km we find that the 
n. [l + z b /59] and AP/P % 


For a given altitude the positive phase duration Is Independent of range and 
the relative overpressure decreases linearly with range. 


A megaton detonation at sea level has a positive phase duration of about 39 
seconds at 100 km. 


2.2 Direct Effects of the Shock 

We believe the direct effects of the shock to be the source of the may observations of iono¬ 
spheric disturbances following nuclear tests with periods between 30 seconds and 10 minutes, periods of 
about a minute being predominant (BAKER, 0. M., 1968). These disturbances were observed by a doppler 
technique between altitudes of 150 and 200 km and appeared to propagate at speeds of about 300 meters/sec. 
Typically the explosions involved were the order of a megaton. 

An example is shown in Figure 4 of the ulsturbance observed following the United St.atest megaton 
range detonation Housatonic on 30 October 1962 (GLASSTONE, S., 1964, pg. 677e). BAKER (1968) points out 
that a feature occurs on 4 MHz, which Is reflected from 180 km, about 17 seconds earlier than a 5 MHz, which 
is reflected from 190 km. He finds therefore that the disturbai ce was propagating upward with a speed 
approximately equal to the local sound speed. On this basis ana because of the known acoustic ducting 
properties of the atmosphere he hypothesizes that the acoustic signal has the bulk of its energy confined 
in a duct below 110-120 km altitude and that it is leakage from this duct that is responsible for the 
ionospheric disturbance. 

The point we wish to make is that the observed periods of these Ionospheric disturbances are 
approximately the same as the periods which the shock from a megaton range explosion would contain on reach¬ 
ing the ionospheric level. We say approximately because among other things it is not clear whether the 
periods contained in the shock are the order of ?t + or some slightly larger value. In terms of Figure 1 
this means that the portion of the shock which initially propagates at angles of from about 20° to 35° is 
responsible for these short period ionospheric disturbances. 

Ionospheric disturbances with periods greater than 10 minutes, which we now discuss, are related 
in a complex manner to the portions of the shock which initially propagate at steeper angles to the hori¬ 
zontal . 


2.2 Long Period Acoustic-Gravity Wave Generation by the Upward Going Shock 

As previously noted. Figure 2 shows a dramatic drop in relative overpressure commencing at about 
the 100 km altitude level. The reason for this can be seen by examining the SHELL outputs for the detailed 
flow, one of which is shown in Figure 5. This Figure is a contour plot of relative pressure as a function 
of altitude and horizontal distance at a time of 600 seconds. The spherically expanding and upward moving 
shock wave is refracted at the 100-120 km altitude level where the ambient temperature begins to increase 
radically. Of course, the vertically propagating shock front is unrefracted. The result is the genera¬ 
tion of a horizontally propagating disturbance in the flow behind the shock front. This disturbance drains 
energy from the shock which continues outward and upward. 

The essential feature of the Greene-Whitaker calculation is that the effective source of the 
long period gravity wave disturbance is located at an altitude of 100-120 km above the burst. The effec¬ 
tive source commences 10 minutes or more after a sea level detonation, this being the time required for 
the shock wave to reach the ionospheric level and for the rotating flow of Figure .3 to become established. 
This delay time correction to the travel time has been observed following several low altitude explosions 
(HERRON, T. J., 1971). 


The velocity vector plots, which are not shown, indicate that the dominant motion in the dis¬ 
turbance depicted in Figure 5 is a rotating or vortex flow and on this basis we proceed to estimate the 
disturbance kinetic energy. The geometry assumed for this vortex flow is Indicated in Figure 6. 


The kinetic energy of the motion is: 


/' 


P v‘ dV, 


where the volume element for the region containing the vortical flow is: 

dV = 2 t. R (2th 1 dr') 

For the assumed flow we may define a constant vorticity within the rotating region: 


in terms of which tq. (18) becomes 


■ ; i - 




.(r') r' J dr', 


(18) 

(19) 

( 20 ) 


E c = 8 


( 21 ) 
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and approximating p(r') by ,> , the ambient density, this results In: 

E $ = 2 v 2 J r 4 R p a (?2) 

We estimate R » 150 km and r « 30 km based on Figure 5. This latter value is approximately 
the gradient scale of the temperature change responsible for the shock refraction and development of the 
vortical motion, l.e. T/vT » r. We estimate the maximum flow velocity v(r) as being approximately equal 
to the sound speed at 130 kn, that Is about .64 km/sec. Then for an ambient denisty of 7.6 x 10"^ kg/ 
meter' we obtain E = 5 KT, that Is about .1* of the total 4 MT yield. 

2 

For smaller yields than our 4 MT example, the yield scaling of kinetic energy Is S pv V, where 
p Is the density, v the fluid velocity, and V the volume over which the rotational motion takes place. 

For a weak shock we expect only the fluid velocity to be a function of the detonation parameters. Since 
this velocity Is proportional to the relative overpressure we find from Eq. (17) that the energy In the 
horizontally propagating disturbance Is proportional to y'/J, Thus with a proportionality constant deter¬ 
mined by the 4MT example we may write: 

E s/y -2* 10' 2 Y" 1 ' ' (23) 

We will compare this estimate with the energy available in the rising fireball for wave generation, which 
is derived below. 

3. FIREBALL GENERATION OF ACOUSTIC-GRAVITY WAVES 

The fireball is a buoyant rising fluid element and as such deforms into a torus or vortex ring 
configuration. The flow is illustrated in Figure 7. During the initial rise period, that is, well before 
the stabilization time the flow around this vortex ring can be treated as the flow around an equivalent 
solid object. Warren (1960) has calculated the wave emission and wave drag on a sphere moving vertically 
in a stratified Incompressible fluid. His theory predicts that gravity wave emission is negligible when 


where a - v/2a, v is the sphere velocity, and a the sphere radius. The Brunt-Vaisala frequency N, is the 
high frequency cutoff for gravity wave propagation. The onset of wave emission at n/N “ 1 has been exper¬ 
imentally verified (MOWBRAY, D, E. and B. S. H. Rarity, 1967). 

A buoyant sphere rises at a velocity (SCORER, R. D., 1950) 

v » (g 6 a) 1 * (25) 

where g is the acceleration of gravity and b » p —C~P— is the buoyancy defined as the difference in density 
between fireball and its surroundings divided by the ambient density. 


Warren's criterion for significant gravity wave emission therefore gives: 

2 

a > g B | 47^ | “ 5 - 6 8 (26) 

for a Brunt-Vaisala period t r v of 5 minutes. Because of the very high fireball temperatures involved at 
early times we may approximate e by unity. Then Eq. (26) states that a fireball radius of 5.6 km is 
required for the onset of appreciable gravity wave emission. According to the data in Glasstone (1964, 
p 10) this would require a yield in excess of 30 MT. We conclude that for sea level detonations only very 
large yields could result in gravity wave emission during the Initial period of the rise. 

When the fireball reaches its stabilization altitude and proceeds toward hydrodynamic equilib¬ 
rium with its surroundings, conditions more favorable for gravity wave emission do occur. However, before 
considering the details of how this wave emission arises we conclude our discussion of the initial rise 
period by computing the fraction of the total yield which is contained in the kinetic energy of the ris¬ 
ing fireball for a sea level detonation. We wish to compare this energy with our previous estimate for 
the energy available in the shock for long period gravity wave generation. The fireball kinetic energy is: 

E y = Mv 2 = M g s a (27) 

where we have used Eq. (25) for v. The mass occurring in Eq. (27) is not the mass of the fireball itself 
but rather that of the considerably larger mass of ambient air which moves with the fireball, the so called 
virtual mass (DARWIN, 1953). This muss is equal to half the mass of ambient air which would occupy the 
fireball volume. Accordingly we write: 

E f - j a 4 p g b (28) 

According to Glasstone (1964, pp. 74-75) the terminal fireball radius is about 750 feet for a 20 KT detona¬ 
tion. The temperature at the time (1 sec) this radius is achieved is about 10 times ambient, and hence 
assuming pressure equilibrium b = .9. Assuming cube root scaling with yield we may then write, a =8.45 
x 10^ Y'/” cm, where Y is in kilotons. Eq. (28) then yives the fraction of the yield which is available as 
kinetic energy of fireball rise: 

^ =1.5* 10' 4 Y 1/3 (29) 

Comparing this with Eq. (23) we find that for a yield of about 1.6 MT , Ef = E s . Thus for yields in excess 
of this value we expect the energy available in the rising fireball for long period gravity wave genera- 




tlon to be greater than the similar energy available In the upward going shock. 


IO-7 


We now turn to a description of how this fireball rise energy becomes available for the genera¬ 
tion of long period gravity waves. 

3.1 Oscillating Vortex Model of Fireball Stabilization 

In this section, the relation between a fireball In the terminal phase of It.s motion and the 
fluid oscillations that result as It stops rising are considered. An approximate expression for the 
frequency of the resulting motion is derived In terms of the final motions of the fireball and the atmo¬ 
spheric parameters. Our analysis of gravity wave generation by a rising fireball differs from the work 
of Tolstoy and Lau (1971) In that It is based on the theory of buoyant vortex ring,. 

We consider a ring vortex where the core radius R 0 is much smaller than the major radius R as 
shown in Figure 8. The substance, a spheroidal mass of air surrounding the ring, moves with the ring. The 
difference between the mass contained In the ring and in the substance,' and an equal volume of the atmosphere 

f z 2 ^ 

AM = 2 it J J (p 1 - p 0 ) dz rdr, (30) 

0 z,(r) 

where p'(r,z) Is the mass density Inside the vortex, p (z) is the ambient density, and z ? (r), z,(r) define 
the boundaries of the substance. 0 c 


given by: 


On a contour such as 1, which contains but does not intersect the core, the circulation K is 


where the dot indicates a time derivative. The quantity C depends logarithmically on the distribution of 
vorticity within the ring. We assume that the motion is similar and that therefore C is a constant. 

The circulation along contours such as 1 and 2 changes during the rise according to the 
Bjerkness Eq. 

K - - i JR , (32) 

where p is the pressure, taken to be ambient under the assumption that equilibrium has been obtained. 

On a contour such as 2 which does not contain the core, K = 0 at all times and hence K = 0 at 
all times. On any.contour such as 1, which contains but does not intersect the core, K must ae the same. 
Hence at any time K must be the same for all such contours. 


Eq. (32) can be rewritten: 


k = - i ^ - [ 

e p o j , 


r z 2 (r) -z 2 (r) , 

f 41 ■ - / dp 

z,(r) P ° z, (r) 


since ^ = 0. Using the hydrostatic equilibrium equation ^ - - gp Q Eq. (33) finally becomes: 

r‘2< r > P -p* 

K = g J ———i" dz (34) 

z^r) 

which is nonzero and independent of r for r 5 R - Ro and is zero for r i R * R . Since the model is 
intended to apply to the later stages of fireball rise when the buoyancy has become small we replace o' 

In the denominator of Eq (34) by p 0 . We further assume that the fireball is small enough that the inte¬ 
gration in Eq. (34) takes place over much less than an atmospheric scale height and that the factor 1/p 
may be taken outside the integral. Then using Eq. (34) we may rewrite Eq. (30) as: 0 


Conservation of mass gives: 


ar( p " v ) = % at ' ar 


where V is the volume over which the integration in Eq. (30) is done and p" ; s the average density within 
this volume. The term dV a /dt represents the volume change due to adiabatic expansion as the vortex moves 
upwards: 

dV 1 1 

- 1 V ~~ -ar 1 (37) 


Thus Eq. (36) becomes: 


d ,, / \ . d/iM _ u y - 1 

at v u ‘ ' |, o ) ' at v 
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combining this result with Eq. (35) for AM we obtain 


tin o R^ - — 

o y p. 


making use of the fact that 


z and i - C „ this becomes: 


K + K tn pR c + a N c K = 0 (40) 

where N 4 = - -rS- is the ambient Brunt-Vaisala frequency and a? = ~-rr is a constant of order 

Y p o Sz nR 3 

unity as discussed below. Eq. (40) is most conveniently solved in terms of an auxilliary function Q: 

K = -=£— (41) 

h vt; r 

where 

<3 + f oV - 1 0 = 0 (42) 

2 • R 

and where (-v/IT R ) represents —y (Vp* R)- 
v o dt‘ 

Assuming that the bracketed term in Eq. (42) is slowly varying we obtain the WKB solution: 


i j [.** 


Using Eqs. (31) and (41) this gives the solution for z: 


2,2 (V% R ) 

c* N - — - - 

VT r J 


Before discussing the physical significance of this equation it is useful to consider the 

CV 2 

quantity a - —=- in more detail. The volume V is approximately equal *R Az. az is the vertical distance over 
ttR J 

which the z integration In Eq. (30) is done. Alternatively az may be interpreted as the effective distance 
beneath che ring from which fluid is drawn up to the ring Observations of laboratory releases of buoyant 
fluid with a spheroidal substance suggest the value az « 3R (TURNER, J. 5., 1960). The quantity C is 
about .13 for a spherical vortex (LAMB, 1932). This gives a « .62. In general we expect a to be constant 
so long as C is, and to have a value somewhat less than unity. 

Equation (44) applies from the time the fireball has formed a vortex ring and has entrained 
sufficient air that the interior density p ’ is approximately equal to the ambient value p 0 . Thus we are 
not able to describe the early stages of the rise. However, the more time consuming later stages of the 
rise will occur on a time scale the order of v/<M , that Is on the order of the Brunt-Vaisala period. For 
nuclear clouds which do not spread rapidly when approaching their stabilization altituoe, vertical oscilla¬ 
tions will occur at a frequency c’l. According to Eq. (44), clouds which spread rapidly will undergo oscil¬ 
lations at a ’ower frequency than uN and the amplitude of the oscillations will subside as 1/R Z as the 
cloud spreads. If the cloud radius spreads sufficiently rapidly (such as exponentially on a time scale 
shorter than ) there will be no oscillatory motion and the approach to equlllbrum will be overdamped. 

In any case, for megaton range detonations where the nuclear cloud penetrates into the very 
stable stratosphere, a rapid growth in cloud radius ensues (GLASSTONE 1964, pp. 35-37). This would tend to 
reduce the amplitude of gravity waves due to vertical oscillations of the cloud. In general, for given 
atmospheric conditions there ma; be an optimum yield-height, of burst combination for gravity wave genera¬ 
tion by the stabilized fireball but it Is currently unknown. 
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To gain further Insight Into the wave pattern generated by this type of buoyant oscillation, 
laboratory experiments have been performed at Mt. Auburn, as described below. 

3.2 Laboratory Observations of Gravity Wave Generation by Buoyantly Rising Hasses. 

A photograph of the experimental apparatus Is shown In Figure 9. The experiments were perform¬ 
ed In a plexiglas tank 5' x 3' x 3V deep. A linearly stratified density fluid (salt and water) was 
established In the tank by carefully Introducing fluid layers of successively decreasing density. This 
stratification very closely approximates an exponential medium over the dimensions of the experimental 
region. The density gradient was checked by carefully weighing a 300 cc teflon rod suspended at varying 
depths In the fluid, and after some days It was found that the initial density discontinuities had smooth¬ 
ed out to fcrm a linear density gradient. Using ethyl alcohol as the buoyant, miscible fluid, a number 
of buoyant releases were made from a release mechanism on the base surface of the tank. Visualization of 
the wave motions in the fluid was achieved using small neutrally buoyant polystyrene beads which acted as 
excellent scattering centers for a well collimated light beam. Thus a cross-section through the fluid 
motions was observed. 

A 16 mm cine camera was used to record the Internal wave motions and schematic drawing based on 
a sample frame Is shown in Figure 10. For tills release the buoyant fluid was dyed to be readily observable. 
The formation of a vortex ring structure and vertical oscillations and rapid spreading of the Initially 
buoyant fluid as It reached Its equilibrium level were clearly observed. 

Tyolcally the time required for the top of the released fluid to reach its maximum altitude was 

about 8 seconds, somewhat shorter than the Brunt-Valsala period In the tank (9.8 seconds). 

The wave pattern, which was more complex than anticipated. In conveniently divided Into the four 
regions shown In Figure 10: (1) Directly above and below the source region small amplitude oscillations 

of the beads wfire. observed. The period of these oscillations as nearly as could be determined was equal 
to the Brunt-Valsala period. (2) The amplitude and the period of the oscillations Increased with Increas¬ 
ing angle from the vertical. The amplitude reached a maximum at an angle of about 60° where the period w&s 

about 12 seconds. (3) The amplitude then decreased slightly with Increasing angle. This region existed 

over a relatively small angle and it was difficult to observe changes in the period within this region. 

(4) Finally, at very small angles to the horizontal planes of stratification, motion of the beads was 
observed which was not periodic, rather the beads were displaced away from the source region and did not 
return. This motion is clearly related to the horizontal spreading of the Initially buoyant as It 

equilibrates. 

The propagation theory for acoustic-gravity waves predicts that waves of period x whose vertical 
wavelength 1; less than a scale height should propagate at an angle e from the vertical (HINES, C.O., 1960), 
where. 


= |cos 61 (45) 

2 

This propagation law does appear to be obeyed in the experiment since T « T gy at e 0, tt and t « -y— 

Tgy at e « r/3, 2x/3. In theory there should be no propagating solution exactly at 0 = 0, w where T » T gy. 
However, because of the limited spatial extent of the experimental region we are unable to clearly dis¬ 
tinguish oropagating from nonpropagating disturbances. 

Perhaps the most interesting aspect of the laboratory observations is the confirmation of the 
theoretical prediction that much of the buoyant rise energy Is utilized to generate waves In the period 
range 1 - 2 T oy Our expectation Is that an analogous process of wave generation would occur for a 
stabilizing nuclear cloud. However, while we are able to estimate the period of the largest amplitude 
portion of the disturbance we have not estimated what fraction of the available energy goes Into very long 
periods, that is periods many times the Brunt-Valsala period. These long period waves would propagate at 
shallow angles to the horizontal and it may be that atmospheric refraction would prevent their reaching 
ionospheric levels. In this connection it Is Interesting to note that Ionospheric disturbances of about 3 
minutes period, which are associated with severe weather, are not normally observed more than 250 km hori¬ 
zontally from the apparent source location (GEORGES, T. M., 1968). Whether the absence of longer periods 
at greater horizontal distances Is a result of properties of the source or of atmospheric filtering and 
refraction is not known. 

4. CONCLUSION 

In the preceding sections we have attempted to relate the different kinds of disturbance seen In 
the Ionosphere to the hydrodynamic motions accompanying a low altitude nuclear explosion. The short period 
Ionospheric disturbances seem to be caused by the portion of the shuck front which Is reflected from the 
100-120 km altitude level. This Identification is made because the periods contained within the shock when 
it reaches this altitude level are the order of the observed Ionospheric periods, that is, about a minute. 

Wz expect the ionospheric periods to scale with explosion parameters In the same way as does the shock 
positive phase duration at the 1O0-120 km altitude level. The ionospheric periods should therefore be 
proportional to the cube root of yield and essentially Independent, of height of burst. 

The origin of Ionospheric disturbances with periods exceeding 10 minutes is a more complex 
problem since both the upward going shock and the rising fireball are possible hydrodynamic sources. For 
yields In excess of about a megaton the energy available in fireball rise for the production of long period 
disturbances exeteds that available in the upward going shock. 

The mechanism described by Greene and Whitaker (1968) for the generation of long period ionospheric 
waves Involves a refraction of the upward going shock at the 100-120 km altitude level. This results in a 
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transfer of energy from the shock to a horizontally propagating disturbance which Is left behind. The 
Groene-Whitaker mechanism Is generally operative since conditions for this shock refraction are a permanent 
feature of the atmosphere. 

The fireball Is most efficient In the generation of long period acoustlc-gravlty waves wher. It 
has reached Its terminal altitude and Is approaching hydrodynamic equilibrium with the atmosphere. It 
may then undergo vertical oscillations with a period somewhat larger than the Brunt-Valsnla period. The 
efficiency of wave generation by this mechanism Is very sensitive to ambient conditions at the tropopause 
as well as to burst parameters. In particular nuclear clouds which undergo rapid spreading upon stabiliza¬ 
tion appear to be Inefficient- wave generators. In theory, and this Is supported by laboratory experiments, 
the terminal phases of fireball rise, when the mechanism Is efficient, produce a wave spectrum with 
amplitudes peaked at one to two times the Brunt-Vaisala period, Thesa periods propagate at relatively 
steep angles to the horizontal and would primarily affect the Ionosphere near the burst. Whether significant 
wave amplitudes could be produced at much longer periods is presently unknown as Is the question of whether 
these long periods, which propagate at shallow angles to the 1 >r1zontal, would be prevented by atmospheric 
refraction from reaching Ionospheric levels. 
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THE THEORY OF ATMOSPHERIC ACOUSTIC PROPAGATION 


by 

Ch. Berlliet and Y.Rocard 


Abstract 


Infrasonic met generated by large explosions on the ground can be observed to propagate 
up to ranges of thousands of kiiemeteru. 

If an explosion is strong enough to generate gravity vaves, that ib exceeds a threshold of 
about one megaton, waves with periods near one minute travel around the earth according to a well 

known mechanism. 

Waves of shorter period, in the range 5 to U5 seconds, are observed to propagate more effi¬ 
ciently than might be expected according to elementary theories of acoustic rays bending by tempe¬ 
rature gradients and winds. However, we demonstrated a few yearB ago that the introduction of non 
linearity in the propagation of such waves resulted in the bending of acoustic rays back to the 
ground and that it explained most of the experimental facts. 

But we also observed exceptional caseB of propagation to ranges of 7 000 - 8 000 tilometers 
anti even up to lit 000 kilometers, in fairly narrow azimuths! sectors, generally in a bearing 90 
£aat of the explosion. The periods are in the range 30 to 60 seconds and the waves do not exhibit 
the characteristics dispersion of gravity waves. 

In order explain such observations, we propose the following mechanism. Waves propagating 
upwards awsy from the explosion in directions a fev degrees off the vertical are bent back towards 
the ground at altitudes of 85 to 9? kilometers, according to the yield of the explosion, In the 
course of the process the various ray paths intersect along a ring centered on the vertical of the 
explosion and located at these altitudes, which we shall call tho "Noise Ring" (Ccuronne de Bruit)- 
In his Ph.D, Thesis (Faria 1969), Ch, BERTHET showed that these ray paths, besides intersecting to 
produce a phenomenon of geometric focusing, correspond to waves arriving roughly in phase at the 
noise ring which is then equivalent to a circular focus line. 

The concentrating of energy at the ring produces very pronounced non linear effects and it 
can be shown that the ring behaves as a secondary acoustic source radiating out sonic waves in di¬ 
rections different from these of the rays which produced it. 

Since in the range of altitudes 85 to 95 kilometers s horizontal, propagation channel exists 
produced by the increase in temperature at higher altitudes (above UO kilometers) and at lower al¬ 
titudes (near 50 kilemeters) plus an important contribution of the distribution of tided winds, the 
waves radiated by the noise ring in that duct can propagate to considerable ranges. 

Such an explanation is in conformity with experimental observations namely that the speed of 
sound waves along such paths is slightly less than the speed of sound at lev altitudes. We find that 
it is roughly equal to the speed of sound at 80°C plus 20-25 m/s easily accounted for by non linea¬ 
rity in the propagation. 

The purpose of the paper is to provide a comprehensive view of the phenomenon, supported by 
a calcualtion which, although elementary, demonstrates the radiating properties of the noise ring 
in directions others that those of the rays vhicb formed it. 







THEORIE DE LA PROPAGATION ACOUSTIQUE ATMOSPHEHIQUE 


Dr Ch. BERTHET* Prof. Y. ROCARD* 


Equations de depart 

On conaid&re que l 1 atmosphere est un mil ieu stratifi^ hor i- 
zontalemen t et on neglige la courbure terrestre, Les proprii5- 
t<Ss de cotte atmosphere sont done ind^pendantes de x, abseisse, 
et re dependent quo de 1*altitude z. 

On considere en outre que I 'air est un gaz parfait . 

Soit une perturbation d'amplitude infiniment petite se propa¬ 
geant dans ce milieu avec une certaine vitesse U(z), variable 
uniquement avec I'altitude z. Si on appelle a l'angle d'iui 
rayon avec 1 1 horizontals, en l'absence de vent, la propagation 
suivra la loi de Descartes, soit 


U(z) 

cos a 


constante 


l'angle a etant 4galement fonction de z, et les rayons auront 
une courbure donnee par la formule classique 


cos a 3U I 

U(z) d z R 


* Directeur du Laboratotre de Physique 
do l'Ecole Normale bup^rieure 
2U, rue Lhomond, Paris, 'i 
x Mfime adresse. 









Intervention du vent - Formulas do propagation normale 


On considkro encore que le vent eat k stratification uniquement 
horlzontale. Le milieu n'ktant plus iaotrope, lea rayons ne 
sont pas normaux aux surfaces d'onde. L'angle de ces domlfe- 
res avec 1'horlzontale eat /T/2 - a. Soit Q l'angle dos 
rayons avec 1'horizonta3e. 


Nous appellerons u la longueur de rayon, t le temps de pro¬ 
pagation d'un front d'onde le long d'un rayon et P la pente 
du rayon par rapport k 1'horlzontale, En particulier, et dans 
le cas d'une atmosphere avec vent, 

P = tg S = / tg a 


La Vitesse de propagation de la perturbation r«$sultera done 
d« la composition veetorielle des vitesses u(z), dkjk dkfinie, 
ot v(z), Vitesse du vent. Cette demifero vite3se eat suppos^e 
toujouro horlzontale. 


La loi de Uescartee devient, exprimant que les deux rayons se 
r^fractent en 0-| et 0 2 


v(z) 


U(z) 

+ _ 

cos a 


Ko 


(D 


K Q eat une constante. 


D’autre part la vitesse du point M sur le rayon est dornuSe 
par les deux formules suivantes, exprimant ses composantas 
horlzontale et verticale. 


1^5 
















I !-4 


d x 

- = v(z) + u(z). cos a ( 2 ) 

dt 


d z 


d t 


U(z)» sin a 


(3) 


Eliminant a entro ces trois dquations, il vient : 


d x 

dz 


U(z) 


v (K 0 - v) 


[(K 0 - v ) 2 - U 2 ] U, £(K 0 _ v) 2 -U 2 J V 2 


(M 


On suppose qu'& l'intdrieur d'une tranche d'atmosphere d’dpais- 
seur Az le vent est constant (v(z) = constante = v 0 ) et la 
vit.esse U(z) varie suivant la loi 


U 2 (z) = Q (z - Zq) + U 2 (z 0 ) 


(5) 


Q etant une constante, variable de tranche en tranche, 


On tire alors do 1'equation (4) trois equations differentiel- 
.los simples donnant la distance x, la longueur s et le temps 
t en fonction de la variable z. La constante z Q eat l'alti— 
tude infdrieure de la tranche dans laquelle on ol'fectue les 
calculs. On pose enfin, pour aileger les calculs, 
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On a done : 


dx 


v o G o + U 2 

U [of - tJ 2 


dz 


( 6 ) 


ds 


U 2 g2 +. 2Ij 2 G 0 v 0 + G^v 


2 2 


T; (g 2 - u 2 ) 


(7) 



( 8 ) 


La pente du rayon est evidemment donn^e par (6), d'autre part 

G est une constants do la tranche, variable de tranche en 
o ’ 

tranche comme la Vitesse v . 

o 


On trouve ainsi, avec v , s et t comme constantes d'int4- 
o o o 

gration, les Equations suivantes pour ia distance horizontale, 
la longueur de ravon et le temps de propagation, compt^s a 
partir du has de la tranche dans laquelle on fait 1'integra¬ 
tion, 


1«18 








I I -6 


[u 2 (G 2 - U 2 )] * - °i-Arc a in °° 


J 


( 9 ) 


( 10 ) 


s - = 


(g 2 - x; 2 )^ 


avec Xivldflcnment Q = (U 2 - U 2 ) /A z. 


3. Calcul de la vitoaae U 


On salt, que toute onde qui monte tend vors uno ondo do choc. 
D'autre part, on a pu constater doe arriv^es de eignaux on 
forme typiquo d'ondea de choc. 


Lob formulae normal.ee de la propagation des ondes de choc per- 
mettent de determiner la valeur de U : 


_ y t i 


(XA_1 u) * 


oil u eet la vitosoe de la tranclie d'alr. 


D'autre part, on salt ^galement que la vitesse u eet donn^a 
par 


v.(t) = u(o) exp (z/2H) 


ou z eat 1'altitude et H la hauteur ridult* *,H = c 


2 /r «). 
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k . Dlter mlnatl on definitive de la vltesse U 

H. BETHE, dfca 19-4^3, a propoa<5 pour 1' Eval uati on tie la viteaso 
da l'air ou sol, dann une atmoephfero homog&ne b. la pressi.on 
atmonph^rlque, 

. , , 0.02 1/j 

u (kjn/ft ) -W 

3 

oil s eat. la distance (an kilometres) parcourue par l’onda 
at W la puissance da 1*explosion qui donna naissance a cette 
onde, on kilotonres ^quivalontos da trinitrotoluene (T.N.T.). 

(t kilotonno = lO 1 ^ calorios) 

XI on r«Saulte, on tenant compte de l'effot d' amplification on 
fonction do 1'altitude, qu'k une altitude z on a 

, . , 0.02 l/o 

u(km/s ) i.-W i exp(+z/2H) 

a 

Cet.te derni&rn formule, combtn^e la formulo donnant la va¬ 
lour de U an foi„;tion de u et de c, conduit & J.'expreo- 
sion complete de la vit~eso de propagation, 

U (km/8) 

cette derni&re fortn’O.e ae aimplifiant et conduisant u ia forimile 
auivante, en premiere approximation : 

0.012 !/ 

U(~) (km/o) = c(z) +-W J bxp(hz/ZH) 

8 


ioO 


0.012 1/-, . , , 
-W ' exp(+Z/2H) 


0,012 Z SA . 

--- U ’ exp( +z/H)l 








V 

PropagatI on trfra lolntalnn par guldnge a n altitude , 

Lo inode g«$n«5ral de propagation oxposit pr<Sed>(iemment pout 6tre 
consider*! comme relativcnent stable et bien drftermln<<, bps dis¬ 
tances maximales attain*en par les ondc» acoustiquoo pour vies 
puissances de tir inf^riourns h cellos qul engondrent des ortdes 
do gravity sont do l'ordre de 1500 h 2500 kni environ siiivant, 

J.es caa, apriia un certain nombi J n do reflexions ouccossi.vcs sur 
le sol ou sur la surface des oceans. 1 Jin effet, le coefficient 
de reflexion (rapport do l'amplltude r^f.lechie h. 1'amplitude 
incidento) eat plus eiavti an moyonne dons le deuxiiimo caa quo 
dans le premier. On peut concevoir qu'une chains mopt.agnouse 

perturbe consld«5rablemqnt uno reflexion au sol pour ties ondos 

I 

done loa p<$riodps seraient comprises antra 20 et "JO secondes 
ot les longueurs d'ondo ontre 6 ot 9 kilometres. 

1 Les temp^i de propagation pour ces distances correspondent & 1 
des vitoaaee apparontes (an movonnp 210 m/s) t.ro's infdrieuroe 
aux valours habituelles de la vitesso du sen au sol. Ceci est 
Evident, di'ailleurs, si; on sofnge au tra.let consid<?rablemenl al¬ 
longe par les arches aucceasives que doivent. parcourir les oin- 
dea infraaonoras. , 

' I 

Or, , an line certaine occasion, nous avons pu constator que des 
ondos infrasonores de 20 a 30 sedoridos de periods pouvaient se 
propagor & des distances bien plus grandes, telles que 7000 a 
80C0 km, Eu «?gard a lour p^riode, ces ondos n'auraient su litre 
des ondos do gravity, Elies pr^sentaient, sans le moindre dilu¬ 
te, les caracteriatiques des ondss acouatiquos etudi^es dans 
ce travail. 


L'examen des temps de propagation de ces signaux, de l'ordre 
de 7 heures, fait apparaltre one vitesse moyonne apparente de 
propagation d'environ 290 m/s, done proehe de la vitesse du son 




dajtut une atmosphere normaLe K la temporal uro tie 210 degr<1i 
Kelvin environ, soli, encore - 6") degr^s Celsius. 
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Cotto vltoeao moyetmo, ot pour un« propagation couvrant 7400 km, 
es t nettoment suprfrieure it cello quo 1 1 on pourrait prtSvoir on 
oxtrapolanr nos diagrammos do propagation. En effet, on trou- 
verait des tempo do propagation d 1 environ 12 it I'* heurea pour 
cotto distance et pnrtant, doa vitosses apparontos moyennoa 
do 140 h 170 m/a. 


II eat done Clair que le mtScanismo expostS prf5c<<demment no con- 
vient pas, directoment, pour oxpliquer co typo do propagation. 


1 

l 


;! 

i 


Lc m^oanisme ^ventuel d’uno toll© propagation - tres longue 
distance - par le moyen doa ondos de gravity no convient pas 
non plus pour deux /’aisons : d’ur.e part, nous l'avono d<$j& in-- 
diqu<^, les pdriodes des ondes cansid^r^es icl sont de l'ordre 
de 30 a et mains, alors quo cellos des ondes do gravity attei- 
gnent plutflt 1 minute et m6me 2 ou 3 nm. D autre port, les vitos¬ 
ses de propagation les plus faibles des ondes de gravite depas- 
aent nettement 300 m/s pour atteindre 315 m/s pour des periodes 
de 3 minutes. Nous allons voir que ces caract^ristiquos, ot 
Burtout celle, pour la vitosse, d'Ctre plut8t de 290 ni/s, con- 
firmont l'hypothfese que nous allons avanoe.v quant au mecanis- 
me physique de ce typo particulier de propagation. 


Retorr sur la propagation normale proch e 

L’tStude approfondie des propagations non-lin^aires normales 
expos^es pl»is haut conduit a une constatation int6ressante. 

- pour une propagation lln^alre . done4vec une puissance W 
nulle, beaucoup de rayons atteignent l'altitude de 200 km et 
ne reviennent pas, les autres ne reviornent au sol qu'apres 
s'&tre r^fl^chis assez haut. 
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— pour line prop agation n on-lineal re nortnalo, par exemple avoc 
W = 100 kilotonnon, on constate qu'un fn.ieceau assoz largo do 
rayons, d'anglos do alto compris ent.ro 75 dogrils et 35 degrrts 
environ, oo ro focal iao mix alentours do 90 kilometres d'alti- 
tudo. 

Cette .focaltaation pourrait n'&t.re qu'app'ironte ot gilomlitri- 
ijue, ot r<5sul ter de la simple superposition don dlff^ronts 
rayons, Or, In ca.lcul dor temps d'arriv^e du front d'oudo iu 
point de canvergonco do cos rayons montre qu’il n'tm oat rian. 
i,eo ondos arrivont on raftmo tom;>a h cot ondroit. On a done bien 
lJ» un authentique phenomena de f ocalisa lion on altitud e.. Pnr 
all Lours, 1os aurfaces d'ondo convergent vors la point do foca 
liaation pour a'y confondro o 1 Ioh- mfimoe on un foyer, ceci t!tan 
bien entondu une vu« ;1 tioux dime ns ions du phenomena , dans un 
plan vertical. 

En 1.'absence do vast t ii oristo une syn.'^trie de revolution 
autour de 1,'axe vertical ot en r^aliti? nee trajectolrea ae 
reconpent su.i une foc.ale e.n aruw au vers 3 5 - *10 kin de distan¬ 
ce horizontal*., rayon de la focele, et & 30 - 100 >m d'alti- 
tude. 

Comme nous sommee encore (lane la zone de propagation proche, 
le vent, a moins d'etre particuMeremerit violent, n« deforms 
quo peu lee trajectoires ot on pout considerer quo la focale 
en anr.eau, plus ou moins bien circulairo, exists toujoura. 


II faut remarquor que smile la pro paga tion non-lin 4 aire donne 
lieu & c i p h 6iiomiin e de rofoco.liJB.t l on en alti tud e. 


ES\ »ffet, dans le can d'une propagat Ion 1 imUl m on atmosphere 
calms, quelqusa rayons so rscoupsnt bleu on altitude vorn 1S"S km 
d'altitude «t k plus dn 150 km do dintance, main on n'obnei v« 
paa k cet endroit do veritable piiAnombno do focalisation. Les 
tempo d'arrivde au point d' intersect ion gAom^triqu.o doa rayons 
aunt cliff fronts. 


La aocondo romarquo importante eat que lea altitudes do coa 
cliffdrentos couronnes focaloa lea situent ^ 1 1 intdrieur du 
guide d'onde acouatiqu e des yO kilometres. En effet, la tem¬ 
perature de l'air est minimale k cetto altitude (elle eat de 
180 degree Kelvin environ). Si on admot que cetto couronne fo- 
cale oe comporte comme une couronno de bruit servant de source 
aecondmira et peut ainsi engendrer des trajectoirea sonores, 
celles-ci pourront. done exploiter co canal de propagation et 
so propager fort loin gr&ce au guide d'onde acoustique. 


Nous voyons done la un moyen d'expliquer le cas, cit^ plus 
haut, de propagation k trka iongue portae. Par ail lours, com- 
me nous allons le oonatater, lea vitessos de propagation con- 
cordent. 


Maio comment la focaie, ou la couronne de bruit, peut-elle 
rayonner & l'ext^rieur de 1'angle des rayons extremes du pin- 
coau de rayons qui la forment ? 










6 . A nalyse t h rforlquo du rayommmont par la couro i ma 


Pour dAmontrer quo la couroime do bruit rayonne offectlvemont 
on deho rs diu difedre formd par las rayons uxtrCmos, 1.1 eat 
n^cesaatro do fulre appol, oncoro imo foia, k doa tormea do 
non-lin«5orit«5. Noua allona moritror coci dans un oaa partlculler 
s imple , qui aorait facile is g^ntfraliaor. 

I,'Equation adlubatiquo 


PV X = constanto 


(i) 


s'rfcrit Quasi 


Po ( 1 V _L_ + £> 

' dx 

ai on admet par exomple uno Intersection doa 
rayoiia aonoroa sulvant 0 X et 0 Z „ 


Dans un domalne ou lea ondes peuvent 6trs consid«5r£ea comjne 
oiiiuaoldaloa, on aura 


et 


A sin iV,(t - ) 

' c 

D sin U>2 (t - ——) 


(3) 


Reportant cos expressions dans la fonuule (2), il vient <Svi- 
d eminent 


i + ^ A 

c 


- ——) + ^2 -5— C03 0*^2 (t_ Z ) 
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Lorn du drfvoJ oppnmont rtu d^nomtnu tour, on trouvern tlo« tomm?i 


comnie 


All 

c 2 


cos 



t to.,) t 


l ° 1 


X 



etc.,.. 


pour lesquels on volt la possibility d'uiio miso on pnasn dans 
das directions d«$ termindos par 

x + Ct'gZ - Constanta, 

Ces directions sont pr<?cis<<mont dl stinctes des axes Ox ot 0 Z 
do propagations incidontes et aont cellos d'uti rayormement ox- 
tyriour, ou tout au moins d’une excitation infrasoniquo 



au voisinage do la couronne do bruit, dans des directions ex- 
tyrieures au difedre de rayonnement normal. 

Cette excitation en preseion avec mise en phase dans les direc¬ 
tions indiquyes est lo moyen pour la "couronne de bruit" de ra- 
yonner de nouvellos om.es qul se propagent comme l'indique la 
figure : c'est cette possibility qu’il s'agissait d'«5tablir. 
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7. C alcul do lit propagation guides 

l,o« cnlculs Bout conduits suivant to nto'o iinrfairo (puissance 
W nulle). 


On pout bien entondu calculor .leu temps do propagation d«s 
inirasons il 1'int^riour du guide et inn vitossos apparentos 
corroopondantos. Elios soul ici toutos h pen pr ba idontiques, 
la propagation «Hant iir»!airo. On troirvo qu’il 1' intrfrlour 
m8mo du guido d'ondt, cos vitoases sent do l'ordre do 2/0 m/s 
k 310 m/a . Coci correspond bien, du roste, aux valours do la 
vitosso normale du non & cos altitudes. 


Globalement, bien entondu, les vitessec apparonteo sent dif- 
f<*rentes, puisqu'il faufc tenir compte du temps mis par los 
infrusons pour aller do la source au ool k la couronno focalo: 
ce temps depend 8videmmont do ia puissance do 1'explosion. 

En fait, sur de tres grandea distances, cotte difference dans 
lo temps de propagation devient n^gligeable dovant lo temps 
total, do propagation. En partlcullor, pour uno distance de 
7^00 km, on retrouve bien ur. temps de propagation de 7 a 8 
heurea environ, en accord avec certalnes constatations exp8 - 
rimentales . 


Comment, copendant, les rayons arrivent-ils a sortir du guide 
et a retourner au sol 7 


II nous fe.ut ici bien nouo souvenir que les rayons filiformes 
que nous avons traces n'ont pas de reality physique. Soules 
les surfaces d'onde existent. Les rayons soiit bien entendu tin 
moyen commode de figuror ie ph(5nomfene physique de la propaga¬ 
tion k condition do bien vouloir consid^rer qu'ils s'^largis- 
sent, par le principe d'Huygens, au fur ot a mesure qu'ils so 
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propagent. A un« distance D de la source sonore ot pour une 
longuour d 1 onde la demi largeur du rayon, devenu un faisceau, 

eat r, donne par Tfr® - Ad/2. Or, pour une longueur d'onde do 
648 km, on volt qua cette domi largeur attaint de 10 4 II km 
A 100 km da distance. 

L'dpaisaeur maximum du guide dea 90 km etarit de 25 km environ, 
il eat ciair quo le guidage sera loin d'fitro parfait. II en re- 
aulte quo de l'rfnergie infraaonore va fuir vers le baa, et vera 
le baa seulemert, Le gradient positif trfes eieve de temperatu¬ 
re qui limite aup^rieurement le guide empfichant lee rayons de 
a'4chapper vera le haut. Cette fuite va ae produire a peu prfea 
tout au long du pe.rcoura, A partir de distances de I'ordre de, 
diaons, 200 k 1000 kilometres. 

En effet, tout rayon frfilant 1'altitude dee 50 Jan a des chances 
d'etre detoume, et coci 9ans eapoir de retour, par le gradient 
inverse de temperature ex Laiant entrc 20 et 50 km. 

Un piibgoage dft k ia seuie courbure terrestre est impossible. 

Les rayons sulvront le guide, un peu la mani&re de la lumife- 
ro dans les fontaines lumineusos, les ordres de grandeur du 
rayon de courbure terrestre (6k00 km) d'une part ains" que du 
guide et des longueurs d'onde d'autre part n'ayant aucun rap¬ 
port . 

Un facteur est determinant, par centre, dans une propagation 
de ce type: le vent a l'interleur du guide . Supposons en effet 
qu'il exist# un vent a l'interieur du guide, dont le profit 
presente un minimum ou un maximum. II est evident quo dans le 
premier cas ce profil de vent va contribuer k accentuer le 
guidage, tout en raJentissant un peu la Vitesse generate de 
propagation. Dana le deuxiemo cas, 1'inverse va so produire, 
et le vent diminuera 1'officacite du guide. 
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En effet, en projection horizontale, la vitesse du vent s'ajoute 
olgEbriquement k la vitasao de propagation acou»*:ique en atmos¬ 
phere calme, et un gradient positif de viteaso de vent est Equi¬ 
valent k un gradient positif de temperature. Les gradients do 
vitease de vent so composent done avec lee gradients de tempe¬ 
rature pour intervenir sur la propagation. 

Ainsi on aura in guide "polarise”, bon conducteur du son dans 
un sens, mauvaia conducteur dans i'autre sens. 

Notons qu'il n'est pas impossible, a priori, de trouver un pro- 
fil favorable (done k minimum), mais accelerant la propagation 
generale, II suffit que ce minimum soit reJatif. 

Si on se reporte aux calculs de propagation, on von, bien que 
pour un mfime profil do vent, k un instant donne, la propagation 
dans un sens "voit" des vitesses de vent d'un certain signe 
alors que la propagation en sens inverse les "voit" avec un 
signe oppose. Dans les deux cas, par centre, les gradients de 
temperature sont 1 es m8mes. 

Si on admet que le profil de vent s'inverse pEriodiquement en 
raison de la marEe atmoaphErique, on constate que le guide sera 
ouvert h la propagation des infrasona alternativement dans im 
sens (par example est-ouest) et dans 1'autre sens (ouest-est). 

Ainsi peut-on evpliquer une propagation tree lointaine du son, 
effectivement observEe & tree grande distance dans des direc¬ 
tions Etroites en azimut, et a des heures favorables : d'une 
part le guide necessaire se forme, d‘autre part la "courotme 
de bruit" fouinit la soui'ce a haute altitude capable d'y rayon- 
tier, Le rEsultat d'ensemble est une propagation a une vitesse 
finalement tree voisine de la vitesse du son. 
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EXCITATION PAR LNE EXPLOSION DU MODE TRANCHANT ATM3SPHERIQUE DE IAMB 


par 


J,W, Posey et A.D, Pierce 


SttMAIRE 


Dee observations ant£rieure» or.t morrtrS que lea relev^s de prtssion efrectu6s A grande 
distance at on niveau du sol, sur das ondes acoustiquea et de gravity engendr£es par une explo¬ 
sion, sont souvent dominos par le mode trenchant atnoaphirique de Lamb pour le premier cycle ou 
les deux premiers cycles, Au cotu-s du present expose, les auteurs exomicent porticuliirement 
1"excitation de ce mode par une onde de souffle provoquee par une explosion important e dans l'at- 
mosphdre, Cn a pu observer qua la forco de l'excitation depend dans une large mesure de la queue 
de l'onde de souffle, Tautefois, on ne possdde pas d'informations sur 1* forme exacte de cette 
queue d'onde de souffle | par consequent, toute representation analytique est obligatoiranent 
asses arbitraire. 

Un developpsment thforique mootre que, pour le mode de Lamb pur, il exists une relation 
analytique staple entre l'fnorgie de la source, d'une part, et, d’autre part, l'emplitude et la 
periods initiates du type d'onde de pression cnregistr£e dons le chomp €loign6, Cette relation est 
compare* avec cert sines donneas empiriques, et semble bier, concorder avec les estimations d'ener- 
gie baaCas sur des observations eismiques. 
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EXPLOSIVE EXCITATION OF LAMB’S ATMOSPHERIC EDGE MODE 


Joe W. Posey* and Allan D. Pierce 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 
U.S.A. 


ABSTRACT 


It has been previously demonstrated that far-field ground-level pressure observations 
of explosively generated acoustic-gravity waves are often dominated by the Lamb atmospheric 
edge mode for the first cycle or two. in this paper, particular attention is given to 
the excitation of this mode by a bla3t wave from a large atmospheric explosioi . It is 
found that the strength of the excitation is strongly dependent upon the tail of the 
blast wave. However, information on the precise form of the blast wave tail is unavail¬ 
able, so that any analytical representation must be somewhat arbitrary. 

A theoretical development shows that for the pure Lamb mode, a simple analytical 
relation exists between the energy of the source and the initial amplitude and period of 
the far-field pressure waveform. This relation is compared with some empirical data and 
appears to be in fair agreement with yield estimates based on seismic observations. 

1. INTRODUCTION 

Lamb [1910] found an acoustic wave propagation mode through an isothermal atmos¬ 
phere above a flat, rigid ground and in the presence of gravity which contains no 
vertical particle motion. This mode propagates nondispersively at the speed of sound c, 
and has a pressure profile which decays exponentially wit'i altitude z. 

p(x,z,t) = f(ct - 3 • S k ) e -g2/c2 

Here, it is the horizontal position vector, t is time, g is the acceleration of gravity, 
and ^k iS the unit vector the direction of propagation. Bretherton [1969] found the 

long Wave speed, c L , for the counterpart of Lamb's mode in a temperature-stratified 
atmosphere, and Garrett [1969a,b] determined the dispersion relation for this mode, 
which he called the Lamb atmospheric edge mode, in a temperature-and-wind-stratified 
atmosphere. Garrett's dispersion relation may be simply expressed as 

o) = c E k - Dk 3 (1.2) 

where u is frequency, Cg is the equivalent long wave speed in the direction of propagation, 
D is the dispersion coefficient and k is the wave number. For realistic temperature and 
wind velocity profiles, c E is approximately c L plus an average wind speed in the direction 
of propagation. Since the edge mode is nondispersive in an isothermal atmosphere with 
constant wind, it is no surprise that D increases with the rms deviations of the profiles 
of sound speed and wind speed. Since the Lamb mode energy decays exponentially with 
altitude, the appropriate weighting function for calculating prefile averages decays 
similarly. 

Pierce and Posey [1972] investigated the Lamb mode furth€>r, comparing its 
dispersion curve and waveform synthesis for a particular case with the corresponding 
curves and synthesis resulting from the multi-mode theory as detailed earlier by the 
same authors [Pierce and Posey,1970]. It was demonstrated that the earliest cycle or 
two of observed acoustic-gravity waveforms thousands of kilometers from explosive sourc : 
are sometimes dominated by the Lamb edge mode. 

In this paper, the problem of mathematically modeling a nuclear-explosion blast 
wave is examined, and some theoretical edge mode waveform characteristi s are noted and 
compared with observations. 

2. BLAST WAVES FROM NUCLEAR EXPLOSIONS 

The basic nonlinear hydrodynamic model of a nuclear explosion [Taylor,1950; 

Brodu,1955,1968] consists of an initially isothermal sphere of very small radius in 
an unbounded isothermal atmosphere w : th negligible gravity. The initial sphere has 
ambient density and fluid velocity, out is assumed to have very high temperature and 
pressure. Tne total initial potential energy (the specific heat of air is assumed 
independent of temperature) inside the sphere is assumed a fixed r raction of the total 
energy Y released by the explosion. It would appear from comments in sections 1.22, 

2.119 and 7.25 of Effe cts of Nuc lear Weapons (ENW)[Glasstone,1962] that Y/2 is a good 
approximation of this - initial energy for bursts below 100,000 ft ( 30 km) and a fair 

approximation at altitudes up to 350,000 (~ 100 kin), although no quantitative description 
of this fraction is given. In any event, the results of this paper will not. be invali¬ 
dated by such a variation, provided enerqy yield is always interpreted as twice the 
hydrodynamic energy of the explosion. 


* Present address: General Motors Research Laboratories, General Motors 
Technical Center, Warren, Michigan 48090 



The pressure waveform in this idealized basic nonlinear model corresponds to 
hydrodynamic scaling; i.e., at. distance R, 

P - P a F(R/cT Y ,t/'i’ Y ) (2.1) 

where F is a universal function of two dimensionless quantities and where Ty is a charac¬ 
teristic time, which may be defined as any constant times (Y/p ) 1/J /c For convenience 
Ty is defined such that, when p and c correspond to the standard reference pressure 
(Prer “ 1 atrl > ar,d sound speed (c ref = 331 m/sec) and when Y is 1 KT (4.2 • 10 1 ’ ergs), 
then Ty is equal to the time dotation t re f of the blast wave at a distance R re f (taken 
here as 1 mile) from .-t i KT explosion. As explained later in this section, t re f is 
chosen to be 0.33 sec. Thus, 


Ty = (P ref /P 0 ) :/3 (c ref /c)Y^ 5 t ref (2.2) 

where 

Y kt = Y/(4.2 x 10‘ 1 erqr.) (2.3) 


Since, in the homogeneous atmospher-» currently being considered, the amplitude of 
F may be expected to fall off nearly inversely with R (spherical spreading in linear 
acoustics), Eg. (2.1) may be rewritten in the form 


P 


(Ap) 


ref 


P o V ' T Y R ref „ t - R/c R 

p ref c ,;ef t re7 R 1 ( T y ' cT y 


(2.4) 


where at large distances R, F. should be a relatively slowly varying function of its 
second argument. Here (Ap) re j is the shock overpressure at the reference distance R re f 
from a 1 KT air burst in the standard atmosphere. 

Brode's [1955] results indicate that Ap falls off roughly as R 1 at distances 
greater than 3> where X = (Y/2p ) 1/J . For the reference burst described above, 

X 0 re f ■ 276 m,°R re f 5.84 X c re f, t r3 f = 0.33 sec, ar.d (Ap) re f = 34 mbar. The solid 
line in Fig. 1 is the approximate form of Fj [ (t - t s )/t r ef/A 0 ] inferred from Brode's 
paper. Here A 0 is [Rref/(creftref)) The negative phase duration is constant at about 
1.22 X Q /c 0 (1.01 sec for the reference rase). Since (Ap) re f is only about 3% of p 0 , the 
theory of weak shocks (Whitham,1956] should apply at R re f, which implies that the duration 
of the positive phase T. will increase with distance in the following manner. 


+ 


Y * 1 

2y 


"ref^ref 
P ref c ref t ref 


ref 


] / 2 


= 0.33 [1 + 0.047 In(R/R ^) ] 1 /2 (2.5) 

Thus, the shock will propagate an additional 140 km before T + is increased by as little 
as 10%. (T + = 2 t re j- at a range of exp,' 63.9) • R re f.) Brode gives little information on 

the character of the pressure history after the neqative phase. 

In ENW, the following analytical approximation (shown in Fig. 1 by the dashed 
line) is given for the form of the pressure history in the blast wave. 


P G /Ap = (1 - t/T f )e" t/T -t tm/r + ) 


(2.6) 


Here t is measured from the onset of the shock. This agrees reasonably well in the 
positive phase with Brode's result, bu‘ there are major discrepancies in the negative 
phase. The ENW curve, often referred to as the Glasstone pulse, reaches a minimum of 
only p/Ap - -0.13 and has a negative phase of infinite duration. On the other hand, 
Brode's pulse has a minimum of -0.44 and goes to zero at t/T + = 3.S5. These differences 
are of little consequence when estimating damage due to the biast wave, which was the 
original intent of the Glasstone pulse approximation, but they might be of considerable 
importance in determining the excitation of low frequency acoustic-gravity waves. Never¬ 
theless, the Glasstone pulse has been used (Harkrider,1964; Pierce, Posey and Iliff, 
1971) in the determination of the excitation of infrasonic modes by nuclear explosions. 

The Glasstone pulse may be modified to give a pressure history which more closely 
resembles Brode's curve. 


P G ,/Ap = (1 - t/T + ) (U (t/T f J < (3 - t/T + )U(t./T + - Die t/T + (2.7) 

This is shown by the dash-dot curve in Fig. 1. Notice that this approximation has a 
mrnimum value of p/Ap = -0.29, crqpses the axis at t/T + -- 4, reaches a maximum of 0.03 
at 5.3 and then approaches zero asymptotically. [For both Eq. (2.6' and Eq. (2.7), the 

total pressure impulse, dt, is zero.] 

Th ' relativ# excitation of low frequencies by the expressions Eg. (2.6) and 
Eg. (2.7) might be determined by comparing.the low frequency limits of their Fourier 
transforms (over time). If the transform F (ur) of a function f(t) is defined by 
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f (w) 


< 2 TT) 


then 

P G /ip - -iu-/[2if(iw - 1/T + ) M 


(2.8a) 


and 


P G ./Ap 


-iw 


2n <ib> - 1/T + ) 


2e 


iwT, - 1 


T f (iw - 1/T + ) 


(2.8b) 


For io < < 1, 

P G . - P G tl - 2e _1 ] 

- 0.26 p G 


(2.9) 


Thus, the approximation Eq. (2.7), which shows better agreement with the calculated blast 
wave, appears to excite the frequencies of interest at only 1/4 the .level of the Glasstone 
pulse given by Eq. (2.6). However, since the low frequency content of the pulse is 
governed by its tail, and since it is not known whether either of the analytic approxi¬ 
mations is representative of the true pulse after the negative phase, the Glasstone pulse 
is used in the remainder of this paper to represent the blast wave because of its simpli¬ 
city. An ancillary reason for this choice is that, as noted earlier in this section, the 
Glasstone pulse has been used previously in the syntheses of acoustic-gravity waveforms. 
Thus, the blast wave pressure is taken to be given by Eq. (2.4) with F. (t/t ..,A ) 
approximated by [p fi (t/T + )/Ap] as given in F.q. (2.6). That is, ‘ 

P 1 (?,A 0 ) = (1 - 5)e -5 (2.10) 

3. FAR-FIELD PRESSURE WAVEFORMS 

The theory of excitation of the Lamb mode by an explosively generated blast wave 
has been detailed by the present authors (Pierce and Posey,1972). For the purposes of 
the present paper, the far-field pressure waveform may be expressed by 


P(?,t) = G(? 0 ,?,c L (x,y) ,$ L (x,y) )i(i(t,s,0) (3.1) 

Here t denotes the observation point and ? the source location. The function G is an 
amplitude factor which contains effects of°the horizontal refraction of rays, of differences 
in ambient conditions and ground levels at the source and receiver, and of source 
strength (through the factor Y 1/ ’ 2 ). The refraction of rays occurs whenever the gradient 
of c E {x,y) normal to the ray path is not identically zero. The general form of G is not 
repeated here for the sake of brevity. The Lamb mode long wave speed c E is determined by 
the temperature and wind velocity' profiles, which vary with the horizontal coordinates 
x,y. The function iJi depends upon the source strength and the average c E and dispersion 
coefficient D along the ray path from source to receiver as well as upon time t, approxi¬ 
mate distance along the ray s and ray parameter 0. Specifically, 


ill (t, s, 8) = - A i 

At D J° 


t T 

— + u — 


• c 


T_ = [3 


(l/c„) ds 


f (D/C 
' o 

t 

± r 

:j) is 
1/2 + (l-2u)e~ u | 


1 / 1 


M(li)du 


and Ai is the Airy function, defined by 

Ai(x) = | cos(v’/3 + xv)dv 

The universal source function M(:j) is given by 

M(n) - lii 1 ''' + (l-2u)e U f e y dy) u(v' 


(3.2) 


(3.3a) 


(3.3b) 


(3.1) 


(3.5) 
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and way be interpreted as the qharacierlStic time dependence for the Lamb mode pressure 
in the intermediate field (before dispersion has had an appreciable accumulative effect). 
A plot of M(u) is giver. in fig. 2 r Here, U(p) is the HeaVisidd atoji function. 

Since M does not vary from case to oase, the shape and amplitude of ip arc deter¬ 
mined solely by the ratio Ty/Tp, with a change in T a resulting only in a tine shift. The 
variation of 1 P with Ty/x D is illustrated in Fig. 1. One of the present authors (Posey, 
1971] has synthesized Lamb (node Waveforms for a number of realistic atmospheres, source 
strengths, and rangep. It has been noted that Ty/T D has normally been in the range 0.1 
to 0.3. The largest: value of this ratio calculated to date In 0.4, corresponding to an 
observation 1666 km from a 60 MT exolosipn. The ratio mav be shown to be roughly 
proportional to (Y/R) 1 '' 3 . 

4. DETERMINATION OF EXPLOSION ENERGY FROM PRESSURE WAVEFORMS 


Since the waveform dependence on Y has been clearly defined, and since only a 
limited range of Ty/Tp appears to b,e of practical interest, the inverse problem of deter¬ 
mining Y from the shape and magnitude of observed waveforms would seem to be tenable-. 

A numerical study of ip shows that a^/(Ty/x D ) 3 7 2 is 0.95, 0.90, 0.85 and 0.77 for 
(Ty/fo) equal to 0.1, 0.2, 0.3 and 0.4, respectively. Here a| the absolute variation 
variation of i from its first peak £o its first trough. The following approximation is 
adopted. 

a l /(T Y /t D ) " 0,9 (4.1) 

The ratios of the periods (and other calculations not shown here) to t d in the ’ 
in the first few cycles would appear from Fig. 3 to be relatively insensitive to the 
value of Ty/x 0 . One finds ; 

T l,2 ~ 4 *° T D i (4 - 2a> 

T 2 % = 2.6 t d (4.2b) ! 


where the period Tj 2 i s first peak to second' peak and the period T 2 3 is second peak to 
third peak. Eqs. (4.2a,b) imply that Tj^ 2/ T 2 3 33 approximately constant at 1.5 for the 
Lamb mode, but observations of explosively generated acoustic-gravity waves exhibit 
significant variations in this ratio, due perhaps to interference of other modes with 
the Lamb mode. As noted in sec. 1. it is the earliest portion of the observed waveforms 
which is apt to be dominated by the Lamb mode. Thus, t d is approximated here by T^ 2 /*' 
which assumes that the edge mode is dominant at least until the second peak. 

The dependence of G on atmospheric parameters along the ray path can be eliminated 
by ignoring horizontal refraction, and its dependence on conditions at the receiver can 
be eliminated by taking the observer to be at sea level and by assuming that the ratio 
c L {x 0 ,y 0 )/c h (x,y) is approximately 1.0 and that |t> l | at each of these two locations is a 
email fraction of c L . Heire, (xq,v 0 ) are the horizontal coordinates of the source and 
(x,y) of the receiver. The vector $0 is the weighted average of the wind velocity pro¬ 
file. Hence, G is approximated by 

G = Y/[T Y 3 / 2 n l sin ,/ 2 (R/r e )p o 1 " 1 /Y (f o )c J/ 2 (f o )] (4.3) 

where B^ is a dimensioned constant equal to 1.440 atm ^ 1 Y '' /Y km ~ 3/2 ubar ‘Km, r is the 
great circle distance from source to observer, r e is the radius of the earth, p Q is the 
ambient pressure, y is the ratio of specific heats (=1.4), and c is the local speed of 
sound. 1 . 

Eqs. (3.1), (4.1), (4.2a) and (4.3) may be combined to obtain the approximate 
relation 


Y= B 2 sin I/ 2 (R/r e )p o 1_1/Y (? o ) [d<? 0 > T 1 ,2 ] *' 


FPT 

(1—Y)./Y v „— 3/2 


(4.4) 


The numerical value of the constant B 2 is about 0.199 atm' x 11 ''km 3/2 ubar 1 KT with r e 
taken as 6374 km. The dependence on ambient pressure at the source is fairly v(eak 
within the troposphere, since at 10 km (the approximate altitude of the tropopause) in s 
typical atmosphere, p 0 1 - 1/y = 0.7 atml-l/Y. The speed of sound at the source can also 
vary, but generally stays within 15% of 310 m sec ’ up,to an altitude of at least 60 km. 

Taking Po(i?o) to be 1 atm. and replacing c (? Q ) by 310 m sec *, one finds that 
Eq. (4.4) is further approximated by 


Y = B,sin 1 ^ 2 <R/r )T 


»/j 


1,2 


(4.5) 


The constant B 3 has a value of obout 0.034 ubar ‘sec 3 ^ J KT. The relation (4.5) is 
considered applicable for heights of burst at least up to the tropopause. Because of the 
nature of the assumptions outlined above, this prediction may be too large for blasts 
where p 0 (z 0 ) < 1 atn or for records at long ranges from anall yield explosions [i.e., 
Ty/ T D ) < 0..’J and too small for records at short ranges from large yield sources [i.e,, 

Ty/ tq) > 0.2) . 
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The waveform parameters Ti 2 a °d PtPT £ ' ea< ^ from an observed microbarogram sihould 
properly be used In Eq. (4. *5) only when the record prior to the second peak represents 
almost solely the Lamb mode pressure perturbation. In principle, this can only be the 
case when r.here is negligible background noise, when there is not yet appreciable contri¬ 
bution to the record from other mechanical modes, and when there is negligible phase 
shift due to instrument response. 

In order to check the agreement between the approximate Lamb mode relation and 
the empirical waveforms, the quantities Ppp T and Tj ? are measured on the records 
presented by Harkrider [1964] and by Donn and Shaw (1967]. The records used here include 
ail of those in these two collections for which nAth [1962] gives a source yield estimate, 
for which the pressure scale could be determined and for which the first cycle of the 
signal is recognizable above the background noise. Pressure amplitudes for Harkrider’s 
records wore computed using his microbaroqraph response data. Pressure amplitudes for 
the Donn and Shaw records were determined according to the premises [W. Donn, private 
communication] that (a) all records recorded by Lamont type A mj.crobaroqraphs are to the 
same scale and (b) the clip to clip amplitude of off scale oscillations was 350 ubars. 

The data read from these waveforms is given in Table 1. In Fig. 4, the data is compared 
with the approximate theoretical Lamb mode relation of En. (4.5). Tire yield Y is taken 
to be given in each case by B§tb’s estimate based on seismic data as shown in Table 1. 

(The validity of these yield estimates has not been established, but they are the only 
quantitative estimates which have been published.) Note tnat the plot is full logarith¬ 
mic. (This comparison was originally published in a letter to Nature (Posey and Pierce, 
1971].) 

The scatter about the theoretical curve could be due to various causes other than 
interference with the Lamb mode by other modes and by noise. One possibility which seems 
especially likely is the variation in amplitude due to the horizontal refraction and 
subsequent focusing and defocusir.g caused by departures of the atmosphere from perfect 
stratification as discussed in some detail by Posey [1971]. Also, some of the scatter 
would not be present if data corresponding to explosions of greater than 11 MT were 
omitted. Above all, it should be remembered that the first part of this paper was 
devoted to demonstrating that the source function utilized here was chosen primarily for 
its mathematical simplicity. A more realistic source function might result in a very 
different proportionality factor in Eq. (4.5), but the form of this relation would be the 
same. Thus, while the amplitude agreement seen in Fig. 4 is primarily due to chance, it 
is heartening to see that the theoretical curve appears to have the correct slope. 

5. CONCLUDING REMARKS 

Two points have been made in this paper. First, the degree of excitation of 
acoustic-gravity waves by a blast wave is heavily dependent upon the tail of the exciting 
pulse, about which little has been published. Second, a simplified analysis of acoustic- 
gravity wave propagation in which a single ductinq mechanism (Lamb mode ducting) is 
considered results in a simple analytical relation between source strength and initial 
waveform amplitude and period. It is suggested here that similar analyses for other 
mechanisms of ducting (sound channel ducting in particular) might be useful in deriving 
other relations between waveform parameters and parameters of the source and/or medium. 
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TABLE 1. 

Observed amplitudes and periods. This data corresponds to empirical microbarographs published by 
Donn and Shaw (1967) and by Harkrider (1964), referred to as DS and II, respectively. 

(a-i, U.S.S.R. explosions; j-n, <J.S. explosions). 


Event 

Date 

Bath's Yield 
Estimate (MT) 

H (km) 

1^,2 (sec) 

P FpT (ubar) 

Source of 
Microbaroqram 

a 

9-10-61 

10 

3676 

193 

100 

DS 




6644 

280 

70 

DS 

b 

9-11-61 

9 

8000 

229 

125 

H 

c 

9-14-61 

7 

6569 

258 

61 

DS 

d 

.10- 4-61 

0 

8000 

220 

80 

H 

e 

10- 6- 61 

11 

6674 

300 

59 

DS 




8000 

390 

45 

H 

f 

10-20-61 

5 

8000 

310 

21 

H 

g 

10-23-61 

25 
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386 

25 

DS 

j 

5- 4-62 

3 

5375 

200 

36 

DS 

k 

6-10-62 

9 
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6 
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55 
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24 
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90 
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90 

DS 

n 
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Fig.3 Variation of the waveform factor 0(t) with the parameter Ty/rp. Here i// is normalized with respect to Ty/Tp 
and the time is plotted relative to r in units of Tp. 



Fig.4 Comparison of Data with theoretical yield-period-amplitude relation. The data points arc lettered a through 
n corresponding to particular events defined in Table 1. The theoretical line is that given by Fq. (4.5). 




DISCUSSIONS ON THU PAPINS PRESENTED IN SESSION I B 
(Acoustic gravity waves in the neutral terrestrial atmosphere - Artificial sources and propagation) 


IB! 


Discussion on paper 9 i "Acoustic gravity vaves in the neutral atmosphere and the ionosphere", 

by M.K„ BAUACIOTJJT 


Prof. H, V0LLA5D : Did you take intr account heat conduction and viscosity at thermospheric heights in 
your calculations T Due to viscosity, acoustic vave energy is strongly dissipated within a frequency 
range increasing with altitude. Above 200 km altitude only infraaonic waves with periods betwoen about 
ae ainutc and the acoustic cut-of' period are ejected to exist with detectable amplitudes. 

Dr, lf,K, BALACHAHDRAN : No, in my computations viscous effects and heat conduction were ignored. For de¬ 
tailed analysis of waves detected at high elevations these factors are important, For waves recorded at 
the ground level, the observations can be explained, reasonably even if we ignore viscosity and heat con¬ 
duction in the theoritical computations. 


Discussion on paper 10 ; "Modeling of nuclear sources if acoustic-gravity waves", by B.L, MURPHY, 


C,F, P, HALLEY : Dans vos conclusions il apparatt que deux periodes sont privileging x ex 2 x , 
S'agit-il bien de la periods de Brunt-Vaissila & l'altitude de l'explosion T Dans nos oiservatiSno nous 
trouvons plutot x et 2 x <L l'altitxide J'observation. 

8 g 

Dr, B.L, MURPHY : In our model the source (fireball) oscillates at a period between t and 2 t , where 
x is the Brunt-VSia£l£ period et the stabilization altitude (at or near the tropopaufe). It if tempting 
for me to ascribe the oscillations you obser'. e to buoyancy oscillations of the fireball but I have no 
explanation ss to why the period should be related to at the observation point, 

Ik 1 , K. DAVIES ; Bculder H,P. Doppler records show that 1 . in, waves propagate nearly vertically, so that 
they appear to leak from duct over Boulder which is many thousands of kilometers from nuclear burst. Can 
shock wave propagate over these large distances 1 

Dr, B.L, MURPHY i One can show from equation (3) of our paper that after m skips between the baBe of the 
ionosphere and the ground the positive phase duration of a wesk shock iB increased by a factor of appro¬ 
ximately (1 ♦ 4 tn m)*^ 2 over the positive phase duration when the shock firBt reaches the ionosphere. 

Thus subsequent lengthening of the positive phase of a weak shoca after the first skip would not be large 
enough to affect our main argument, namely that the positive phase duration of the shock at the ionosphere 
and the observed ionospherie periods are of the same order of magnitude. How long in fact th< weak shock 
at^re a shock (i.e, a disturbance whose front satisfies the Ra~jiine-Hugcnj.ot relations) I do not know. 

One can imagine a variety of atmospheric phenomena which would tend to destroy a shock structure : 
ecaterring of the high frequencies at the shock front by turbulence or small scale wind gradients, spatial 
separation of high frequencies by frequency dependent dispersion or refraction, and alteration of pulse 
structure by passage through s caustic. It may be that acoustic, as opposed to weak shock, equations are 
applicable efter only a iev skips between ground and ionosphere. 

Dr. N. CHANQ : In regards to the Y 1 ^ 3 scaling for short periods oscillations in the ionosphere, I believe 
that most of tbe Doppler observations showed periods in the range hO-90 seconds. This seems to be s con¬ 
tradiction of the above scaling. 

Dr, B.L, MURPHY : According to Baker (1969) the periods ranged from 30 seconds to 10 minutes, periods of 
about a minute being predominate. Typically the yields involved were about a megaton, I do not Know if,a 
sufficient spread of yields were involved that one might check the period-yield scaling. The (yieldf ' i 
law is a rough estimate of what might be expected. For large yields, deviations from this law can be anti¬ 
cipated due to : (a) The interaction of the rising fireball with the shock. As noted by Greene and 
Whitaker (1968) this effect tends to compress the going shock and hence the yield exponent would tend to 
be less than 1/3 • (b) Other inaccuracies associated with modified Sachs scaling for large yi.eldB, 


Discussion on paper 11 : "Un nouveau mecanisme pour la propagation lointaine du son dans 1'atmosphere" 
by Y, ROCARD and C. BfeRTHET. 


Dr. A. PIERCE : This paper evidently gives a method of incorporating nonlinear effects into the theory of 
geometrical acoustics vhich is considerably different than that used in the analogous field of sonic booms, 
the theory of which was developed by Duiraud, Hayes, and Whitham, In sonic boco theories, nonlinear effects 
are neglected in the determination of ray paths, and one dimensional weak shock theory is applied to de¬ 
termine shock waveforms of shocks propagating along a ray tube. An important factor there is the variation 
of ray tube area with focusing on defocusing rays. This factor has evidently been neglected in the pre¬ 
sent paper. 
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Prof. C. BET,MET i L'affet do localisation at da dAfocalisation das rayon* raita trA* sstondaire dry ant 
la cauita food want ala da non-lintiaritA da 1« propagation dona l'atmoaphira, liAe A la diminution sxponan- 
ticlla da la dsnsitA avec l'altituda at aur laqualle a AtA baste notrc approcha. Nature11ament, on pour- 
rait tan.tr eaapte da la focaliaation tu laoment oil lea rayons se rapprochent an uno ligne fooale dans la 
"couronn# da bruit'* i on trourarsit alors qua las effete non-linAaires sont quel quo pau augment As, 

Ibto das prof. *, ROC ARC at C. BQTTHET : 

"La traitaswnt da Graana at Whitaker sat beausoup plus gAnAral qua les conclusions qu'en ont tirS lea au¬ 
teurs. La calcul, bast sur lea Aquations hydrodynomiques gAnAroleo, n'est pas restraint au soul cas das 
ondas dc gravitA at las configuration* donnAes par example figures 5 et 6. qui montrent dee rueude de 
pression A haute altitude, ne sont autros que celles qua nous avons appelees "couronne de bruit", Quand 
Greene at Whitaker disent que tout se passe comma si les ondes de gravitA oe rAflAchissaient sur le fort 
gradient thermique de la haute atmosphere, ils pourraient Atendrr cette conclusion aux ondes ocoustiques 
quelconques, 

Notre approche par une acoustique de rayons assez simple a permis do mettre conoocl Ament en Evi¬ 
dence la "couronne de bruit" et de dAmontrer que cette couronne Atait une nouvelle source rsyonnant dans 
des directions nouvelles. La confirmation apportee par Greene et Whitaker au moyen de colculs sur ordi- 
nateurs puissante et la description plus prAcise qui en ast resultA ont justifiA notre mAthode," 


General discussion 


J. TESTUD : En 1970, nous avions fait un calcul thAorique montrant que 1'electrojet auroral, qui ee dlve- 
loppa pendant un sous-orage magnetique, Atait capable d'engendrer des ondes atmosphAriques compatibles 
avec les observations & moyenne latitude de perturbations ionosphAriijuea itinArantes de grande Achelle : 
pAriodes de l'orlre de deux heui-ea, vecteur d'onde de l'ordre de lO - -* m“^, Cependant, ce module thAorique 
reposait sur des hypotheses siwplificatrices qui en limitaient Is validitA : la hauteur d'Achelle H de 
1'atmosphere Atait supposAe constente, et les effets d'amortissement Ataient totalement nAgligAs, 

On a rAcenssent repria ce calcul, en essayant de lever cette limitation : 

- on a utilisA un modAle rAaliste iout l'Achelle de hauteur H. 

- on a tenu caapte de l'amortisseraent dO a la conduction thermique (Cet effet est la principals 
cause d'amortissement dans la region F de 1*ionosphere.) 

- on a connidAre que 1'approximation de 1'optique gAomAtrique Atait applicable aux ondes Amises 
per la source. 

Le rAeultat de ce calcul est le suivont : 

A 2 500 km de la source et vers 300 km d'altitude (ce qui est typique d'une observation A moyenne 
latitude en region F) la perturbation de vitesse neutre horizontale consiste Bimplement en un pic de gran¬ 
de amplitude de Jargeur typique 1 heure, Ce rAsultot est singulierement en contrasts avec celui du prece¬ 
dent calcul avec lequel on obtenait des oscillations pendant environ 6 heures, 

Ce rAsultat est important pour 1'interpretation des perturbations itinArantes liAes aux orages ma- 
gnAtiques. II montre que la periode des "ondes" observees n'est en fait que la periode de repetition des 
sous-oragee dons la zone aurorsle, periode de rApAtition dont la vaieur la plus probable est d'ailleurs 
deux he’ires comme l'a montre AKASOFU, 
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JUSTIFICATION DE L'BtPLOI DES "RELATIONS ASYMPTOTIQUES" DE HINES 
TOUR LES PERTURBATIONS IONOSPUKRIQUES ITINERANTES 




par 

N.J.F, Chang 


Sfl'MAIRE 


II eat demontr£ que lea ondea de gravity internes ae propageant a des altitudes iono- 
spheriquea doivent presenter des angles de propagation proches du maximum permis, Ainsi f dans le 
caa dea perturbations ionospheriques itintrantea (PII) l’emploi deB "relations asymptotiques" de 
Hines eat justifi£ par la trajectographie. On verifie cea relations en comparant resultats theo- 
riques et experimentaux pour quinze PII6, LeB effete du profit de temperature sur les proprietes 
mesurables dea Plls (inclinaisons des fronts d'ondea et p£riodes) aont etudies, II est demontre 
que, pour lea PIIs qui prennent naissance en-dessous de la mesopause, 1 1 atmosphere se comporte 
comne un filtre passe-bande avec une frequence centrals favoriaant les periodes proches de 20 mi¬ 
nutes. 
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JUSTIFICATION FOR THE USB OF HIN;S' "ASYM I TOTIC RELATIONS" 
~ FOR TRAVELING IONOSPHEiriC DISTUtlBANCES 


Norman J. F. Chang 
Stanford Research Institute 
Menlo Park, California 
U.S.A. 


SUMMARY 


It is shown that internal gravity waves propagating at ionaopheric heights must have propagation 
angles near the maximum permitted. Thus, for traveling ionospheric disturbances (TIDs) the use of Hines' 
"asymptotic relations" is justified by ray tracing. Verification of these relations is made by comparison 
of theoretical with experimental results for fifteen TIDs. The effects of the temperature profile on the 
measurable properties of TIDs (wavefront tilts, and periods) aro discussed. It is shown that for TIDs 
that originate below the mesopause, the atmosphere behaves like a bandpass filter with center frequency 
favoring waves with periods near 20 minutes. 

1. INTRODUCTION 

Following Hines' (1960) work, traveling ionospheric disturbances (TIDs) are generally interpreted as 
a consequence of atmospheric internal gravity waves (IGWs), Although TIDs have beeu observed with a 
variety of techniques and in widely separated locations, they appear related In terms of periods and 
horizontal trace speeds. For example, TIDs with periods near 20 minutes ana speeds around 150 m/s seem 
to be most prevalent. 

Observers have found that at heights of 80 to 100 km the wavelike motions of the neutral atmosphere 
revealed by meteor trails have horizontal scale sizes greatly in excess of the vertical scale sizes. In 
addition, the dominant motion observed is nearly horizontal and the periods of the dominant observed modes 
are much larger then the Brunt-VHiaSlli period cf the atmosphere. The fact that such observations are in 
agreement with certain limiting forms of the IGW dispersion equation prompted Hines (1960) to state that 
"certain 'asymptotic' relations apply to the parameters that describe these waves." These limiting forms 
have been useful not only because they simplify the dispersion relation for internal gravity waves, but 
more importantly because they reduce by one the number of parameters (period, and vertical and horizontal 
trace velocities) necessary to describe the assumed plane wave. 

This paper shews that in a temperature-stratified atmosphere, internal gravity waves at F-region 
heights launched from an assumed source in the lower atmosphere must have propagation angles near the 
maximum permitted; under these conditions the asymptotic relations sre alway s valid . In addition, it is 
shown that for TIDs that originate below the mesopause the atmosphere aet3 like a bandpass filter favoring 
waves with periods of about 16 to 20 minutes. In the present discussion, validity of ray theory is assumed 
and the atmosphere is considered to be stationary. A comparison of the available experimental results 
supports the above conclusions. 

2. THEORY 


The propagation of plane internal gravity waves in a two-dimensional, stationary, Isothermal, non- 
dlsslpative atmosphere of uniform composition throughout is governed by the following dispersion relation 
(Hines, 1960): 


(tp 
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where tp >= \g/2C and tp r, Jy ' 1 'g/C are the acoustic cut-off and Brunt-Vdisaitt frequencies, respectively. 
The angular frequency $f the internal gravity wave is denoted by tp (<p ), while C represents the sound 
speed, g the acceleration of gravity, y the specific heat ratio and k 8 and k the wove numbers in the 
horizontal and vertical directions, respectively. The geometry is chosen such that there is no variation 
in the y-directlon. 


The above equation, which is normally referred to as the Isothermal dispersion relation, can bo put 

in a convenient form with the transformations k = k sin 0 and k = k cos 0. The result is 

x :: 


in 0 - 1 


( 2 ) 


where X = (<p /ip) and Y «= * /Ip, [Fo.- the significance of these definitions see Davies, Baker, and Chang 
0969)]. The remaining parfaeters are the refractive index, p, and the phase velocity, v ,and its angle 

p 

with the vertical, 0, 











With the dispersion relation in the form of Eq. (2), it is apparent that the refractive index has a 
singularity at 0 ■ sin^l/Y). This angle will bo called the critical angle. For (4 £ ir/2, propagation is 
possible only when 0 > 0 . When the sources of the traveling disturbances lie in the lower atmosphere, 
phase propagation must be downward for an upward flow of energy. Thus, 

rt/2 £ 0 £ 0 n it - sin _ 1 (l/Y> (3) 

c 

where 0 is now given by the right-hand side of Eq. (3). 
c 

Figure 1 shows how the refractive index varies with Y and 0; its value is equal to the magnitude of 
the radius vector drawn from the origin to the appropriate curve. This figure shows the projection of the 
p surfaces on the upper-right quadrant of the p x - p z plane. The curves are symmetric in both axes. Note 
that for Y a 2, $ = 30°, Thus, the curve for Y =s 2, is asymptotic to 0 = 30°, as shown. 


The path of internal gravity waves propagating in a temperature-varying atmosphere can be found by 
approximating the atmosphere by a series of constant-temperature layers. In each of these layers a given 
plane wave must satisfy both the Isothermal dispersion relation [£q. (2)], and Snell's law which can be 
written: 


U) _cs_ 

k sin 0 k 
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sin 0 


= constant 


(4) 


Subject to these restrictions, 0 versus height has been calculated for families of IGWs propagating 
from a source at 10 km in the 1962 U. S. Standard Atmosphere. The results for wave periods of 10, 20, 30, 
and 60 minutes are presented in Figure 2. In these graphs waves with propagating angle, 0, between 90 and 
180° propagate energy upward. This is the only type of wave that will be considered. For propagating 
waves, 0 cannot exceed 0 C = n - sin~*(l/Y). 


The feature of interest in Figure 2 is the behavior of 0 in the thermosphere (above 100 km). Above 
120 km all internal gravity waves have propagation angles within a few degrees of their critical angle, 
which is shown by tha dashed line. For 20-minute waves launched at 10 km only those with initial 
propagation angles between 150 and 135 degrees will reach F-region heights. These waves will have wave- 
front tilts between 44 and 54 degrees from the horizontal in the height range 200 to 300 km. Waves with 
30-minute periods must have initial propagation angles between 160 and 170 degrees. Their corresponding 
tilts are between 28 and 33 degrees over the 200-to-300-kn^ height range. Other quantities being equal, 
this means that waves with 20 -minute periods (since they have a larger range of allowable angles) should 
be detected more frequently than 30-mlnute waves. For waves with periods larger than 30 minutes the range 
of allowable 0 's becomes even smaller than 10 , while those with periods less than about 20 minutes are 
limited by the Brunt-VaisalH period of the atmosphere. 


The Influence of wave periods, source heights, and different atmospheres on the range of allowable 
0 is shown In Figure 3. The critical angle is calculated at the source height shown, while 0 (90 £ 0 £ 0 c ) 

is the largest angle at z Q that is reflected at the mesopause. Only Internal gravity waves with angles 
greater than this value but less than the critical angle will propagate to F-region heights. These curves 
show that in addition to a difference In the magnitude of 0 - 0 C , the winter curve peaks at a higher 
period (about 2 minutes) than does the summer curve. This suggests that, on the average, waves propagating 
into the thermosphere during the winter should have slightly longer periods than those observed during 
the summer. 


While the above statement should be true for waves observed at 100 to 17.0 kro altitude, the effects of 
the Brunt-Vii lsiila period (see Figure 3) must be included for waves that propagate above 120 km and that 
have periods less than about 20 minutes. Since the Brunt-VaIsala period is the lower limit for propagating 
waves, its effect is like a lowpass filter whose cut-oft period Increases with Increasing heights. Thus, 
Figure 3 shows that at 200 km only waves with periods greater than 13.5 minutes are permitted, while at 
300 km the waves must havo periods greater than 16 minutes. Since the wave is reflected as T - T g , ray 
theory probably fails in this region and it is expected that the actual lower limit is a few minutes 
higher than the above numbers. Hence the combined e’fect of the Brunt-Va I sti] ii period and the refructlve 
properties of the mesopause act to make the atmosphere like a bandpass filter lavorlng waves with periods 
of about 16 to 20 minutes. 

3. COMPARISON WITH OBSERVATIONS, AND DISCUSSION 

The most statistically meaningful observations of Tills available are those of Vunro anil Heisler 
(Munro, 1950, 1958; Munro and Heisler, 1956). Those studies In Australia revealed that the speeds ol 
TIDs most frequently observed lie between 83 and 167 m/s. During the winter, Tills generally travel north¬ 
ward with an average speed of 133 m/s and with a mean wavefront tilt of 65 degrees. During the summer they 
travel southward with an average speed of 117 m/s and with a mean till of 51 degrees. Their periods range 
from 1(1 lo 60 minutes with shorter-period eve.its being most common. 

Observations have also been made In the northern hemisphere by Thomas (1959) and by Chan and Villurd 
(19152). Inn former study produced results consistent with those for the southern hemisphere. than and 
VIHard, however reported speeds of 400 to 765 m/s with periods from 45 to 72 minutes. Other observations 










of TIDs have appeared in the literature, but the ones gLven above are representative. For a summary 
see Friedman (1966), 

One problem quite evident in the .literature is that, even though TIDs are generally attributable to 
plane internal gravity waves, the wave parameters available from measurements are insufficient to determine 
the wave. In spite of this it can be seen that the observations agree in principle with the conclusions 
of Section 2. 

The Australian TIDs have periods of about 20 minutes, speeds of about 125 m/s, and tilts of about 
55 degrees. The high speeds reported by Chan and Villard tend to have longer periods and thus nearly 
horizontal wavefronts, with a correspondingly higher horizontal trace velocity. 

That TIDs do satisfy the asymptotic relations can be demonstrated more convincingly by comparison of 
TIDs that have the parameters necessary to describe them completely. Such events found in the literature 
are listed in Table 1. 

The disturbances occurring during 1967 and 1968 were obtained using a CW Doppler technique as 
described by Davies, Watts and Zacharisen (1962) The experiment consisted of a 5-MHz transmitter 
located at each apex of an approximately equilateral triangle with sides about 80 km (see Davies and 
Jones, 1970). The signals were all received at a site in Boulder,. Colorado about 25 km east of the 
extreme western transmitter, A measure of the vertical trace velocity was possible with two additional 
transmitters of 3.3 and 4.0 MHz at one of the transmitter sites. The duta obtained from this network 
enabled the velocity vector of a plane-wave disturbance to be found by means of the sequential time delays 
between observations at each pair of stations. Davies and Jones used a cross-correlation technique to find 
the time delays for their five events listed in Table 1. Time delays for the remaining four 1967 events 
in Table 1 were deduced simply by tracing the disturbance observed at one site on translucent paper and 
superimposing the results on the records of another site. The shift in time required to match features 
was the desired delay. 

The TIDs obtained from the works of Georges, Xlostermeyer, and Munro were all observed on sweep- 
frequency soundings. Velocities for these events were also determined from time delays between similar 
features. Further details of the measuring techniques and the methods of data reduction can be found in 
the respective references. 

In Table 1 the parameters necessary tc specify the wave are tabulated in the three columns immediately 
following the date of each event, The vertical and horizontal trace velocities, v^z and v^, respectively, 
are related to v p and 0 by 


cos 0 = v^ sin 0 (5) 

Hence, if Vp and 0 along with the wave period, t, are known, the wave is also determined. Also listed are 
the speed of sound and the critical propagation angle of each event at the indicated height. This height 
is the median of the observed maximum and minimum vertical extent of the disturbance. In Davies' and 
Jones' observations the height represents the observed maximum. 

Comparison of 0 and 0 c shows that with the possible exception of the events of 12/13 February 1961, 

IS July 1967, and 26 November 1967, which are marked with daggers, each of the other observations has a 
propagation angle within a few degrees of its critical value. For the former event the propagation angle 
is questionable because some of the angles averaged ware less than 90 degrees, and also because of high 
scatter of the published values. 

The periods given in Table 1 should be treated with caution. For some of the TIDs this period repre¬ 
sents the time interval for a single cycle of a quasi-periodic event. Even when several cycles ure present, 
the period” associated with a disturbance may depend on which feutures are chosen for the measurement 
[e.g., Figure 3 (a) of Klostermeyor, I960], Thus, in addition to the ptoblems inherent in treating a 
possible transient disturbance as a periodic phenomenon, some events have nonconstant periods and there¬ 
fore cannot be represented by a single value. 

In view, of the above, a better way of deciding whether the propagation angle is near its critical 
value is to determine the magnitude of the retractive index p. Figure 1 shows that whenever p ** 4, 

0 i 0 C regardless of the "avc period, 'fable 1 shows that inis condition is satisfied except for a single 
event. 

Additional support for the validity of the asymptotic approximation may be fours in Hines' (1967) 
interpretation of TIDs launched by a nuclear detonation. In that paper Hines showed that the nature of 
* 0*2 D^rturbalions observed by a number of ditierent stations can i»»* explained on the br.is of energy flow 
along frequency-dependent limiting angles. This behavior Is furthermore predicted frnn the theory of pulse 
propagation in a plane isothermal atmosphere (Row, 1967). Tne above is equivalent to the statement that 
plane internal gravity waves propagate with angles near then* critical values. 











In Table l no attempt was nude to choose a teuperatui'e model appropriate for each event. To see how 
the comparison of <0 and 0 C might be affected, the calculations were repeated for each of the following 
1966 U. S. Standard Atmoapl>eren: (l) aunner high-temperature model, and (2> winter low-temporaturo 

model. These two models represent the two extreme temperature proflien likely to be encountered at any 
time. In all but three cases (Klostermeyer 'b events were not considered) the 1962 U. S, Standard Atmo¬ 
sphere (which is a mean model) was found to be the most approprl*. v based on fhe local time of each event 
and its monthly averaged 10.7-cm solar flux (see CIRA 1965 for the reduction procedure). For the three 
exceptions, twe shoved better agreement between 0 and 0 C . 

In addition to having propagation angles near their critical values, the majority of the events 
listed in Table 1 have periods of about 20 minutes. Although most of these events were detected by CW 
Doppler technique, TID^ detected by other means (Munro, 1950, 19SG; Monro and Heisler, 1956; Tlthcrldge, 
1968) were also typified by periods around 20 minutes. These results are consistent with the conclusion 
previously stated regarding the paasband of the atmosphere. 

4. CONCLUSIONS 

For internal gravity waves at ionospheric heights which have originated from sources below the neso- 
pause, it has been shown that the refractive effects of the atmosphere restrict the propagation angles of 
the waves to values near the maximum permitted. Thus, for these waves the use of Hines' asymptotic 
relations la always valid. Furthermore, for these waves the atmosphere behaves like a bar.ipass filter 
with center frequency favoring waves with periods near 20 minutes. These conclusions wore compared with 
observations and good agreement was found. 
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Figure 1 Refractive Index surfaces far gravity waves in an isothermal atmosphere. 
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Height Variation of internal-gravity-wave propagation angles launched from a sourc 
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angle, 0 . for internal gravity waves of the periods shown. 
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CALCULS TOdTb CMJE JJb PERTOoHATIONS Dt UhNSITb EUjCTRQNIQUb 
CAUSbLS PAR DbS OMJES DE GRAVITE ATMDSPHERlQUhS LAN'S LA COUQ1E F2 


par 

J. Klostermeyer 


SOMAIRE 


Le systeme conjugu^ d'equations lydrodynamiqueB qui decrit leu perturbations d'ondes de 
gravite dana lea gaz neutre et ionise est reaolu par une ra£thode toute onde qui englobe les 
effete des temperatures et dea venta dependant de l'altitude, de la force de Coriolis, de la 
viscosite, de la conduction thermique et de la derive des ions. Les resultats des calculs con- 
cordent bien avec lea donnees experiment ales obtenues a partir d'ioncgrammes en incidence verti- 
cale. Les resultats des calculs numeriques sent en outre combines avec les parametrea d'ondes 
de gravite fournis par les observations pour obtenir des profils d'amplitude et de phase deB 
perturbations de denaite electronique auivant l'altitude, en fonction de l'inclinaison magnFti- 
que et de l'azimut de propagation des ondea, Seicn lea calculs, la perturbation depend dans une 
tres large mesure de l'altitude, de l'inclinaison et de l'azimut. Son amplitude varie entre 0 et 
100 i de la denaite electronique non perturbSe, et sa phase peut varier rapidenent aux slentours 
du maximum de la couche F. 
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FULL iiiftl'E CALCULATIONS OF ELECTRON DENSITY PERTURBATIONS 
CAUSED BY ATMOSPHERIC GRAVITY bJflUES IN THE F2-LAVER 


3. HLOSTERMEYER 

Mex-Planck~Institut fUr Aaronomla, Inetitut fUr XonoBphBrenphyBlk, 
3A11 Lindeu/Harz, Germany 


SUMWRY 


The coupled system of hydrodynamic equations, which describes gravity wave perturbations in 
the neutral and ion gases, is solved by a full wave method including the effects of height de¬ 
pendent temperature and winds, Coriolis force, viscosity, thermal conduction, and Ion drag. 
Calculated results agree well with experimental data deduced from vertical incidence ionograms. 
The numerical calculations are further combined with observed gravity wave parameters to obtain 
height profiles of the anplltude and phase of the electron density perturbation as functions Df 
the geomagnetic inclination and the azimuth of wbvb propagation. The calculated perturbation 
depends very strongly on height, inclination, end Bzimuth. Its amplitude varieB between 0 and 
100 per cent of the undisturbed electron density, and Its phase may change rapidly around the 
E-layer maximum. 


1. INTRODUCTION 

During the passage of atmospheric gravity waves through the F-region the motion of the 
, neutral gas influences the motion of the Ion gas by collisions and causes corresponding changes 

In the motion of the electron gas so a result of Coulomb forces. If the directions of the neu¬ 
tral gas velocity end ths geomegnetlc field are different, the ion gas resets upon the neutral 
gBS by attenuating its motion. This interaction requires that a realistic theoretical calcula¬ 
tion of ionization density perturbations caused by gravity waves in the F-region muBt be based 
on a simultaneous solution of a coupled system of equations describing the perturbations of the 
neutral and ion gases. 

Theoretical descriptions of the F2-layer response to gravity oiaveB have been published 
by HOOKE (1966, 1970), NELSON (1968), THOME (1968), TESTUD end FRANCOIS (1971), and CLARK, VEH 
and LIU (1971). These authors did not treat the problem in coupled form but Introduced Bimpli- 
i ficatlons in order to solve It In two successive steps. 

(a) They solved the equetions describing the gravity wave propagation In the neutral gas 
or merely postulated a model for the neutral gas perturbations- 

(b) The neutral gas perturbations were inserted Into the continuity equation of the ion 
gas to calculate the Ionization changes. 

At preBbnt the work of CLARK et al. (1971) is the lest end most comprehensive one. It takes 
Into account the effucta of thermal conduction, ion drag, ion diffusion, and nonlinearity of the 
ion density perturbation, but neglects all terms due to neutral winds ono viscosity. In order to 
integrate the hydrodynamic equations a UIKB method Is used whose validity, however, is doubtful 
In some cases under consideration. 

It Is the purpose of this paper to calculate electron density perturbations using a 
■ simultaneouB full wave solution of the coupled By8tem of equations which describe the perturb- 

i atlons of the neutral and Ion gases. LJe shall also include the effects of height dependent 

winds and viscosity; mathematical difficulties, however, do not bIIow us to constuur nonlinear 
effects In the continuity equation of the inn qes as has been done by CLARK et al. (l97i). In 
aectlon 2 a description of the calculations will lie given. In section 3 we shall compare cal¬ 
culated and observed results and present height profiles of the amplitude Bnd phase of ths 
electron density parturbatlon as functions of the geomagnetic inclination and the azimuth of 
wove propagation. 


t 2. DESCRIPTION OF THE CALCULATIONS 

The theoretical calculation of gravity wave propagation starts from the basic hydro¬ 
dynamic equations, l.e. the equations of continuity, motion, and heat conduction: 


Sf - 


(1) 

du 



at * L> 


(2) 

ds q 



dT * T 


(3) 

t: time; 

0 : density; 


lj: velocity; 

f: fores per unit mass; 


e: entropy per unit maBS; 

q: heat Input per unit maea; 



T: temperature. 



In orasr to solve theae equations a perturbation method is used, i.e. ub consider a state of the 
gas. In which p»p o +0,|, u-u n +ui ate. The subscript *o" denotes the unperturbed state, thB sub¬ 
script “i" the perturbation quantities. 

Ue assume that the unperturbed etsts ia already known from the solutions of the hydro¬ 
dynamic equations or from experiments. Hence the model of the undisturbed atmosphere is taken 
from the 1966 Ll.S. Standard Atmosphere Supplements. ThB undisturbed ion number density is 
described by an a-Chapman layer. It has been fnund that observed ion density profiles at night 
are matched well by this approximation, whereas during daytime more serious discrepancies may 
occur especially In the Fl-retjlon. The horizontal neutral wind components are calculated from 
the results of KOHL and KING (1967); a vertical wind component is not considered. 

The perturbation quantities ere assumed to he small so that It is Justified to neglect 
all terms of higher than first order. Then ud have to edlve the linBarizod form of equations 
(l)-(3), taking into account the effects of height dependent temperature and winds, Coriolis 
forcB, vlacoaity, thermal conduction, and ion drag. 

Including the ion drag ragulrea, however, that ue calculate simultaneously the wave 
Induced Ion density perturbation from the continuity equation of the ion gee 

dn 

dT “ -VHi ♦ * ~ L W 

where 

: ion number density; u^: ion velocity; 

C| i production rate; L s loss rate. 

Ue introduce the following simplifications. 

(a) Ue linearize equation (^), because we must trBnt it together with the neutral gaa 
equations in coupled form: 


fin,. 

-r-r— * -P' (n u . + n, _u. ) + Q. - L„. 
fit io—11 11—la ^1 1 

CLARK et al. (1971) have found that chla procedure may cbubb considerable errors especially 
below the F-laysr maximum where the ion density perturbation may be relatively large, even if 
the neutral ges perturhations are small. 

(b) CLARK et al. (i97i) have further shewn that wave induced perturbations of the inn 
diffusion velocity are iri general unimportant in causing ion density perturbations. Also 
according ta GER5HMAN and GRIGOR'YEV (1965) the effects of wbvb induced electric fields are 
negligible. Therefore we can take uj^to be the projection of ui Blong the geomagnetic field, 
i.e. un ■ (i£-| • tr)t), whiare b^ is the direction of the magnetic field. 

(c) Ue assume that the term can be neglected compared to ni 0 ui-|. Exparimantal 

reaultB of TESTUO (l97l) Indicate that Ijiol is less than ctr nearly equal t.o I_ui^! - Therefore 
our sssumptlon la justified if nii is Finsll compared to ni 0 . Otherwise we obtain a further 
Brrar in addition to that mentioned under (a). 

(d) According to HOOKE (i960) wave induced perturbations of the oroduction and loss 
rates can be neglected ut F-region feights above about 250 km. 

Then we obtain the linearized Ian continuity equation 


6n i1 

~w 


-(u 1 -ti)(t.*'» n l0 ) - 


(5) 


uPich la essentially identical with equation (L8) of HOOKE (i960). The first term on the right 
hand aide describes changes of tha ion density resulting from the bodily movement of the layer, 
the sacond term describe!! mangos of the ion density caused by compression and dilatation. 

Since the number denettier of ions and electrons are aqua)-, the equation also yields the elec¬ 
tron number densities shown in the next section. 


The coupled system of equations is Bolved numerically by s full wbvb method, which has 
been described in detail by KL0STERT1EYER (1972). 


3. CALCLILATEO ELECTRON DENSITY PERTURBATIONS 

In contrast, to an analytical solution of thi linearized equations of hydrodynamics, a 
numerical solution cannot be used far a general description of the whole grsvtty wbvb spectrum. 
Instead ue must confine ourselves to e description of single wove modes with given oerlods and 
horizontal wavetangtha. In order to get realistic electron density perturbations ue shall 
start from a oeriod and a horizontal wavelength which were derived from Bn observed large scale 
disturbance m the F2-lsyer. ThlB procedure also pilous us to compare calculated and observed 
results. 


3.1. Comparison between calculated and observed results 

During a magnetically quiet night on 19 October 1961, s travelling ionospheric disturb¬ 
ance jns observed in the F-reglon by means of three vertical incidence ionosondes (KL05TER- 
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MEYER, 1969). Iha lonosondea ware spaced some 100 km apart at LindBU (51°39 1 N,10°OB 1 E), Gedern 
(50°27'N,09°U9'E), and Gstanland (51 D4 *B' N,0Q°38 ; E). From a rBal neight analysis of the ionograma 
the temporal electron density variation at several flxBd helghtB CBn be derived. Fig. 1 shows 
the electron density variation at Llndeu. Lie aee the typical properties of a so-called large 
acele disturbance, a quasi period of 1.5h, a downward propagating phase, and electron density 
variations between 10 and 70 par cent. From a cross correlation analysis of the electron density 
variations at different stations we obtain the additional information that ths disturbance had 
a horizontal wavelength of 33D0 km and travelled from north to south. 

Today it seems to bo generally accepted thsc travelling ionospheric disturbances ere 
caused by atmospheric gravity waves. A comparison between the observed results and numerically 
calculated electron Penalty perturbations is therefore a valuable teat whether the theoretical 
model given in the previous section represents a rsalistic description of gravity wave propaga¬ 
tion in the F-regiun. 

Fig. 2 shnwe the amplitude |n B -(|/n B o end thB pnase <p of the relative electron density 
perturbation vs. height z (nslielectron density perturbation; n B0 ! undisturbed electron density). 
Strictly speaking <p denotes the pheBB delay between the relative electron density perturbations 
at z > 250 km and at other heights. Negative values of «o thuB meBn b phase advance. The conti¬ 
nuous lines and thB circles lndicatii calculated and observed variations respectively. Both vari¬ 
ations agree well. Thib also holds true for the amplitude at lower heights although it exceeds 
perturbation magnitude. 

Fig. 2 also shows a comparison between observed and calculated height profiles of the 
total electron density n B on B0 +n B -|. The height profiles are drawn for two different tlmea which 
nave been chuaen such that the electron density st the height of the undisturbed layer maximum 
haa its greatest value (t=L.OO L.M.T.) and its smallest value (t= '*.^5 L.M.T.) respective]y. At 
t»L.Q0 L.M.T. the agreement between observed and calculated data is goad. At t»A.L5 L.M.T., 
however, more serious discrepancies occur. The reason ie thBt the obBerved undisturbed F-layar 
was time dependent whereas, in the calculations, it was Bsaumed to be constant. Nevertheless 
both observed and calculated profiles show qualitatively haw thB gravity wave Bffects the elsctrun 
density maximum, its height, and the layer curvature during an oscillation. 


з. 2. Electron dBn9ity perturbations aa functions of geomagnetic inclination ar.d propagation 

azimuth 

Since a period of 1.5h end a horizontal wavelength of 3300 km seam to ba representative 
for large scale disturbances in the F-reglon, these numerical values hevB further been used to 
calculate height profiles of the amplitude and phase of the electron density perturbation bb 
functions of the geomagnetic Inclination and the azimuth of wavB propagation. In ordBr to inves¬ 
tigate the Influence of both parameters, two assumptions have bBBn mBde. 

(a) The parnmete a of the undisturbed thermoBphBrlc and ionospheric mDdelB remain the 
name as in the calculations described in section 3.1. 

(b) The amplitude and the phase of the neutral gaB density perturbation at a lower bound¬ 
ary z m 150 km are assumed to have the same values as thB obsBrvBd wovb. The choicB of the neu¬ 
tral gas density perturbation is pur >ly arbitrary. We could have chDaen the perturbation of any 
other neutral gas variable.Ilka the horizontal or vertical velocity component, temperature etc. 

The lower boundary baa been chosen at z = 150 km because, at such a low height, the ion drag 

ia small and cannot influence ths gravity wave propagation. 

At thle point It should be mentioned that changes of the Inclination include corresponding 
changes of the geographic latitude. Consequently the gravity wBve propagation 1b nffBcted not 
only by changes of the ion dreg but bIbo by direct changes of the Coriolis force. For a wave 
period of 1.5h, however, the influence of the Coriolis force is smell compared to the influence 
of the Ion dreg. 

Figa. 3a and 3b show height profiles of the amplitude and phase of the relative electron 
density perturbation as functions of the geomagnetic inclination I. Fig. 3c contains electron 
density profiles at two different times, which hBve again been chosen such that tha electron 
density at the height of the undisturbed layer maximum has its greatest value (continuous lines) 
arid its smallest vbIub (dashed lines) respectively. The gravity wave is assumed to travel equator- 
ward except Tor 1-0°, where it may travel t.oweid thB north or south. All curves are valid for 
positive and negative values of I, l.e. in the northern anu southern hBmisphares. They can be 
easily interpreted by means of equation (5'' taking into account that the number densities of ions 
and electrons are equal. 

(a) At the geomagnetic poles (I« - 90 ), the term u^-b is very small, because the velocity 

и . ] is nearly horizontal. Therefore the amplitude ln B ^|/n BO ie also very Bmall in the wfiols height 
Tange, and the total electron density profiles n B (z) Bhow no significant temporal variations. 

(b) At mid-latitudes (I« * 67.5 , I» - 45 c , 1» ± 22.5°), all amplitude curves heve a 
similar behaviour. Below tha layer maximum where the gradient of the undisturbed lByer, 7nj 0 , is 
very steep, the upward and downward motion of the layer as a whole yields large anplituclep. which 
may uxceed perturbation magnitude. Near the maximum where 7nj 0 is small, we find also relatively 
small amplitudes resulting mainly F rom layer compression and dilatation. Above the maximum the 
uuntribution of the bodily movemant of tha layer increases Bgain, but the resulting amplitudes 
do not exceed perturbation magnitude. All phase curves at mid-latitudes show a more or less 
pronounced phase reversal around the layer miaximum confirming thBt the electron density per¬ 
turbations are caused mainly by an upward and downward motiun of the layer es a whole while 
compreBslon plays only a minor role. The total electron density profiles indicate large temporal 
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(c) At the geomagnetic equator (1-0°) t,hB term tj*9nio ie equal to zero, bo that the 
amplitude and phase variations result only from compression and dilatation. Consequently the ampli¬ 
tude and phase values do not change rapidly in the whole height range. The total electron density 
profiles reveal only a temporal variation of the electron density et different heights, but 
there are no significant variations of the height of the layer maximum ana of the layer curvature. 

Figs. 4a-4c present height profiles of | n Bl | /n BQ ,$, and n B as functions of tha azimuth of 
wave propagation. The continuous and dashed lines in Fig. 4c have the seme meaning as iri Fig. 3c. 
The geomagnetic inclination is assumed to be 67.5°. 

A gravity wave travelling eastward or westward causes only unimportant electron denBity 
perturbations in contrast to a wave travelling toward the equator or pole, bacBuae the term u-j-b^ 
in equation (5) is very small. The amplitude curves of the equetorward and poleward propagating 
waves show very similar shapes; tha same is true for ths corresponding phase curves. However, 
the amplitude curves differ by a factor 2, end the phase curves are shifted against each other 
by about 90°. ThB total electron density profiles show no significant temporal variations except 
for equatorward propagation. 


4. CONCLUDING REMARKS 

In order to give a quantitative description of gravity wave Induced electron density 
perturbations, the linearized hydrodynamic equations must, be solved numerically. Consequently we 
cannot give a general description for the whola wave spectrum but must confine ourselves to sin¬ 
gle wave modes. Nevertheless It is possible to generalize tha above mentioned results for gravity 
waves with long periods of the order of ih and more. 

At geomagnetic mla-latltudes the amplitude of the electron density perturbation is largest 
if the waves travel in the geomagnetic north-south direction. The perturbations are mainly caueed 
by the bodily movement, of the layer; compression plays a dominant role only in a small height 
range around the F-layer maximum. The perturbations are therefore largely determined by the 
undisturbed layer gradient. The typical height profile of thB relative perturbation amplitude 
uhows a minimum near the layer maximum and large values below it, which may even be greeter than 
1. The height profile of the perturbation phase is characterized by e phase reversal around the 
layer maximum. 

If the purely dynamical terms in the ion continuity equation (5) are small or vanish, 
effects due to ion dlffueion, wava Induced electric flelda, production and Iobb porslbly play a 
dominant role in producing ionization perturbations. The reauitB given in section ?>,2 for I« - 90° 
end for eaet-ueet propagation may oe changed by theae effects. The resulting amplitudes, however, 
should remain email compared to the amplitudes obtained in all other cbbbb. 
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Fig. 1. Observed electron density vs. time at Different heights. 
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19.10.1961 



Fig. 2. Amplitude and phase of the relative electron density pert,urbntiun and total electron 
density vs. height. 

Continuous and dashed lines: Calculated variations 
Circles end triangles. Observed variations. 
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Fig. 3 b. Height profiles of the amplitude of the relative electron density perturbation as 
functions of the geomagnetic inclination. 



Fig. 3b. Haight profiles of the phase of the relative electron density perturbation as Functions 
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Fig. 3c. Haight profiles of tha total glactron density ea functions of tha geomagnetic Incline- i 
tlon. Tha continuous and daahad llnaa Indicate two different tlm*,s, which have bean 
choaan such that tha alactron density at tha height of tha undisturbed layer maximum 
has lte groateat and Its smallest value respectively. 
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Haight profiles o r the asplltuds of the rslatlvu electron density perturbation es 
functions of tha propagation azimuth. 









Tig. 4b. Haight profiles of tha phaaa of tha ralatlva alactron danalty perturbation ar functions 
of tha propagation azimuth. 



Fig. 4c. Haight profilaa of tha total alactron Penalty aa functions of tha propagation azimuth. 
Tha continuous and dashad llnae have tha aama meaning aa In Fig. 3c. 
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par 
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SttWAIRh 


Au court die oette analyse, i'auteur Atudie deux aspects des cnregistrements effectuAs 
de nuit, A Brisbane, A l'aide de microbarographea de grande senaibilito, Perdant les buit annAes 
d'enregistraaent, il y eut 217 nuits au cours deaquelles on observa dee nr.dei* de gravitA bien 
dAfiniea, prAaentant dea pAriodes d'environ 12 ninutea et dee amplitudes de l'ordre de 10 p bars, 
Des analyses effectuAea en superposant les Apoques, au moyen dea dates d'apparition de cee ondcs 
conaidArAea came datea de contrSle, en periods de ainioum des tachea solairea, revSlArent une 
apparente association entre dec dates et la presence de conditions innosphArique-t A F diffus dans 
les rAgion* sous-auroralea de It Terre, D'autre part, lorsqu'on effectua le relevA graph!qur des 
activitAs quantifies par le naaibre des tacbes et des activity gAoaagnetiquer aux dates en ques¬ 
tion, on trouva, dans lea rApart iticna c dea pAriodicitAs de 2T jours, 1/auteur oontre que, dans 
certains cas, l'apparition d'ondes de gravitA est liee au paarnge de fronts de perturbations «A- 
tAorologiques A Brisbane, Ce sont toutefois les autres cas qui seublrm ?tre liSa A l'apparition 
du T diffus. L'autsur ssontre Agalwent que certaineu donnAes rAvAlent uno eiscciation entre 1'o.p- 
parition d'ondes acouatiquea atuosphAriquea et lea activity solaireo quant if! ecu par le nombre 
del tache*. Ces ondes prAsentent dea pAriodea d'environ 3 minutes et dea amplitudes de l’ordre de 
10 u bars. 
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SUMMARY 


This analysis investigates two aspects of the nighttime recordings, at Brisbane, of microbarographs of 
high sensitivity. There were 217 nights in the 8-year recording interval when the records showed well- 
defined gravity waves with periods around 12 minutes and amplitudes of the order of 10 ubar. Superposed- 
epoch analyses using these occurrences as control dates, for a sunspot-minimum period, revealed an 
apparent association between the dates and the occurrence of ionospheric Spread-F conditions in sub-auroral 
regions of the Earth. Also, when sunspot activity and geomagnetic activity were plotted relative to these 
dates, there was evidence of 27-day periodicities in the distributions. Some gravity-wave occurrences are 
shown to be related to the passage of weather fronts at Brisbane. However, it is the remaining 
occurrences which appear to be associated with the occurrence of Spread-F. The paper also shows that 
there is some evidence for an association between the occurrence of atmospheric acoustic waves and sunspot 
activity. These waves have periods around 3 minutes and amplitudes of the order of 10 ubar. 

1. INTRODUCTION 

1.1. The Experiment 

An experiment which uses micro'uarographs of high sensitivity (Jones and Forbes, 1962) has been in 
operation at Brisbane almost continuously since June, 1963. Brisbane has a geomagnetic latitude of 36°S 
and is located half-way up the eastern coast of Australia. The principal reason for establishing this 
experiment was to search for a possible association between Spread-F conditions in the ionosphere over 
Brisbane and gravity waves recorded at ground level by the microbarographs. The experiment was prompted 
by the possibility that ionospheric Spread-F conditions are produced by the passage of gravity waves 
through the neutral atmosphere of the ionosphere (McNicol et., al., 19S6; Bowman, 1960a; Bowman, 1968a, 
1968b). Although some associations have been found between ground-level pressure waves and some types of 
ionospheric irregularities over Brisbane (Bowman and Shrestha, 1966; Bowman and Khan, 1970; Khan, 1970; 
Shrestha, 1971a, 1971b), attempts to associate local Spread-F conditions with atmospheric gravity waves 
have not been convincing (see e.g. Figure 8 of Bowman. 1968a). In this paper atmospheric gravity waves 
will be abbreviated to AGWs. 

1.2. Details of Observations and Methods of Analysis Used. 

This paper presents evidence for an association between well-defined gravity waves at Brisbane and 
Spread-F conditions in regions of the Earth just equatorward of the southern and northern au-oral cones. 

The gravity waves have an average periodicity of 12 minutes, amplitudes around 10 microbars, and exist 
as a series of wave trains which often persist for most of the night. Associations of the occurrence of 
these wave" with sunspot activity and geomagnetic activity have also been investigated. In addition, the 
paper will discuss briefly a possible association between atmospheric acoustic waves (abbreviated here as 
AAWs) and sunspot activity. These acoustic waves usually taV" the r orm of an isolated biuat of on’y a few 
c>cles. They have amplitudes of about 10 microbars and an average periodicity of 3 minutes. 

The superposed-epoch method of analysis (Chree and Stagg, 1928) is used extensively in this paper. 

The points in the distributions which result from this type of analysis are presented here cither as 
displacements from the average value using the standard deviation (u) of each distribution as a displace¬ 
ment of unity; or, alternatively with the average value of the displacements normalized to unity. Normal 
distributions are assumed for the points. Because daytime microbarograph conditions at Brisbane ire often 
noisy, the analysis has investigated only the nighttime records. The presence of AGWs can be identified 
on about 30 per cent of all nights. However, the control dates used here in the analyses relate only to 
those particular nights when the activity was well-defined. The selection of these dates from the nights 
when some gravity-wave activity was detectable was somewhat subjective. It has been convenient to divide 
the recording interval into two periods; firstly, a sunspet-minimum period (.June, 1963 t:o .June, 1966), 
when there were 108 nights of well-defined AGWs, and secondly a sunspot-maximum period (July, 1966 to 
June, 1971) which had 109 ruch occasions. Also, in these sunspot-minimum and sunspot-maximum periods 
there were AAWs recorded on 243 and 411 occasions respectively, the second period here being extended to 
October, 1971. Usually wh n an acoustic-wave event occurred it was the only one for the night; although 
on some occasions several occurred on the one night. 

Figure i shows a micro larograph record which contains well-defined AGWs. The various levels have 
been arranged so as to illustrate the tendency, which is seen from time to time, for the wave packets to 
occur at regular intervals. Here the interval is 84 minutes. Also, the record is presented with a 
certain overlap in time between the various levels. Figure 2 is an example of the occurrence of AAWs. 

Here the periodicity is 2.7 minutes. The analysis of Spread-F occurrence data presented difficulties. 

The marxed annual and semi-annual variations fFigure 28 of Bowman 1960b) produced unwanted long-term 
periodicities in the distributions. In addition, if the raw data were used, periods when SprcaJ-F 
activity was high had a greater influence on the calculation of any particular value in the distribution 
than those periods when the activity was low. These problems were overcome by dividing a normal year into 






eleven 31-day periods and a 24-day period at the end. Then, before data were used in any analysis they 
were normalized by dividing the value of each day's activity within each period, by the average activity 
for that period. The Brisbane nighttime recording periods can be taken as 1800 to 0600 local time or 
0800 to 2000 Universal Time. The control dates were determined from the Unlvcisal Time of the recordings. 

2. SPREAO-F ASSOCIATION WITH ATMOSPHERIC GRAVITY WAVES 

Daily estimates of Spread-F activity, deduced from published hourly values of ionospheric parameters, 
have been made for the sunspot-minimum period, for 67 ionospheric stations located throughout the world, 
These stations are found in one of seven regions of the Earth, the boundaries of the regions being 
determined by lines of constant L-shell values. Figure 3 indicates the locations of these regions in the 
vicinity of Australia and shows the position of Brisbane relative to them. Each L-shell region in the 
southern hemisphere (labelled a to g inclusive on Figure 3) has a complementary region in the northern 
hemisphere. 

Figure 4 shows the result of a superposed-epoch analysis of Spread-F occurrence relative to the 
control datos for AGWs at Brisbane. In this analysis the seven regions have been grouped together in such 
a way that they form 3 larger regions. For regions a and b combined (Figure 4a) the high values in the 
distribution, which occur at the centre day and a day later, suggest an association. On the latter day 
the value is slightly greater than 3.5 standard deviations (o) from the average value. Assuming a normal 
distribution, the significance of this value can be stated as follows. The probability of this value, or 
one greater than it, occurring randomly in the distribution is 1 in 4,500. In other words an association 
between the occurrence of Spread-F in these regions and AGWs at Brisbane seems quite probable. In the 
other two distributions (covering latitude regions almost up to the equator) the displacements near the 
centre day are not significant (see Figures 4b and 4c). Incidentally, a search for an association between 
AGWs and Spread-F conditions at Brisbane, by similar methods, proved negative. 

The suggested association C8n be further tested by subdivision of the data. Figure 5 shows another 
superposed-epoch analysis which combines the Spread-F occurrence from regions a, b and c for 2 uifferent 
time intervals (June, 1963 to December, 1964 and January, 1965 to June, 1966). It will be seen that sig¬ 
nificant peaks occur near the centre day for both distributions (namely 3.3 o and 2.4 o respectively). 
Another type of subdivision is achieved by analysing in a similar manner, each of the seven regions 
separately, for the total period (June, 1963 to June, 1966). Although these distributions are not shown 
here, the displacements for the centre day or the day after, whichever displacement is the greater, are 
shown plotted on Figure 6. The important feature on this figure is the highly significant values for 
regions a and b Separately (namely 3.1 o and 2.8 a respectively). Thus the proposed association seems to 
have stood the test of these subdivisions, and so the argument for an association is further strengthened. 

Spread-F stations at latitudes higher than those used here have on occasions extensive ionospheric 
blackout periods which make it difficult to determine the real Spread-F occurrence. For this reason these 
stations have been omitted from this present analysis. However, attempts to use Spread-F information from 
these stations could be made in future analyses. 

3. ATMOSPHERIC-GRAVITY-WAVE OCCURRENCE COMPARED WITH SUNSPOT AND GEOMAGNETIC ACTIVITY 

Superposed-epoch analyses have been used to examine the variation of sunspot activity end geomagnetic 
activity, separately, relative to the AGW control dates. Also, the sunspot-minimum period (June, 1963 to 
June, 1966) and the sunspot-maximum period (July. 1966 to June, 1971) are investigated separately. 

Figure 7(a) shows the variation of sunspot numbers relative to the control dates for the sunspot-minimum 
period, while Figure 7(b) is the variation for Ap indices for the sunspot-maximum period. For the sunspot 
numbers a 27-day periodicity can be seen particularly in the distribution for the period before the centre 
day. For the Ap indices a 27-day periodicity is not as obvious, although there is some evidence for it. 

Figure 8 shows, by the solid lines, the results of fourier analyses of these distributions (Figure 7) 
as well as two other distributions which have not been illustrated here. Figures 8a and 8c relate to the 
sunspot-minimum period while Figures 8b and 8d relate to the sunspot-maximum period. Three of these four 
diagrams show relatively large amplitudes for a period of 27.43 days (i.e. a value close to the average 
solar-rotation period for sunspots). The dashed lines on the diagrams show the results obtained if, instead 
of using the AGW control dates, an equal number of dates chosen randomly in each period, are used. There 
seems to be no particular tendency for these distributions to peak at 27.43 days. It is perhaps signifi¬ 
cant that the phases of the two sunspot-number distributions (Figures 8a and 8b) are such that oscillations 
are a maximum 2.3 and 1.9 days respectively, before the centre day. For the Ap-indices distribution 
showing a periodicity around 27 days (Figure 8d) the oscillation has a ra.tximum 0.2 days after the centre 
day. If the gravity waves are associated with the sunspot activity by means of solar particles coming from 
sunspot regions, a rough estimate of the delay between the two phenomena would be 2 days. Whereas, 
geomagnetic activity would be expected to coincide approximately with the gravity-wave activity. 

4. THE PASSAGE OF WEATHER FRONTS THROUGH BRISBANE 
4.1. The Association of Fronts with AGWs 

If the AGWs, which occur regularly, originate in weather systems in the vicinity of Brisbane, weather 
fronts are the most likely source. The occurrence of frontal passages at Brisbane (from June, 1963 to 
November, 1965) relative to the AGW controi dates, is shown in Figure 9(a). There is a peak in the 
distribution of 3.9 a which shows that there is almost certainly an association. 

4.2 Spread-F and Non-frontal AGWs 

This apparent association with fronts prompted the subdivision of the control dates into two groups. 
Figure 9(b) has used control dates which were not followed by frontal passages on either of the two days 
following each date. (There were 48 such occasions). This figure shows that when Spread-F occurrence 
from region (a) is plotted relative to these dates a peak of 2.8 a occurs one day after the centre day. 






The remaining control dates (41 in all), which presumably are associated with fronts, were used in u 
similar analysis using f\e same Spread-f data. Mere (see Figure 9c) there is no significant peak near 
the centre day. 

Thus it suems meaningful to separate the AGWs into two groups dependent on whether or not fronts are 
associated. This ability to isolate the AGWs, which are apparently associated with Spread-F occurrence, 
should prove valuable in future analyses. The gruvitv-wave activity at Brisbane, shown earlier as an 
example (Figure 1), was recorded when an extensive high-pressure weather system covered the entire 
Australian continent. Fine weather prevailed. A front did not pass through Brisbane until 17 days after 
these waves were recorded. 

4.3. Spread-F and AGWs in May, 196S 

Figure 10 shows the daily Spread-F occurrence for the month of May, 1965 for the same L-shell 
regions as were used earlier in Figure 4. Although, during this month, frontal AGWs (as defined in the 
previous sub-section) occurred on the 17th, 18th and 25th of the month, non-frontal AGWs were recorded on 
only 2 dates (namely the 11th and 13th May). Around these latter dates there was, as shown by Figure 10(c), 
a significant increase in the occurrence of Spread-F for regions a and b combined, while no such increase 
is apparent in the distributions for the lower latitudes (Figures 10a and 10b). By itself this result 
would not have great significance. However, taking into account the association which was suggested in 
section 2 by statistical analyses, it seems reasonable to assume that this particular case is a specific 
example of the association between Spread-F occurrence and AGWs. Figure 11 shows some of the AGWs 
recorded at Brisbane on 11 May, 1965. 

4.4. Periodicities in AGWs 

During some of the nights in 1963, 1964 and 1965 when AGWs were recorded, periodicities have been 
determined. On any particular night a measurement was made whenever a periodicity changed, except that 
individual readings were spaced at least one hour apart. Figures 12(a) and 12(b) show the distributions 
for non-frontal and frontal AGWs respectively. The distributions are somewhat similar to each other and 
show an average value of about 12 minutes for these waves. The relative response curve for the microbaro¬ 
graph, at the times of the measurements, is also shown on Figure 12. 

5. ATMOSPHERIC ACOUSTIC WAVES AND SUNSPOr ACTIVITY 

Wher superposed-epoch analyses followed by fourier analyses were performed in the manner already 
explained, no apparent 27-day periodicity in geomagnetic activity was found, when Ap indices were plotted 
relative to AAW control dates. A similar result was found for sunspot numbers during the sunspot-minimum 
period Figure 13a). There was however some evidence of this periodicity for sunspot activity in 

su.i-poc ... Lmura years (Figure 13b). In Figure 13 the solid lines relate to the AAW control dates while 
the dasheu -ines relate tc equivalent numbers of dates chosen randomly. This particular result is 
sue’- v iiy. if the AAWs are related to sunspot numbers the association would appear to be a lot 

• i toe association suggested for the AGWs (see Figure 8 ). Analyses similar to those described 

... AGWs, ..ave been undertaken to look for a possible association between AAWs and Spread-F. 
for such an association has been found. 

i ON AND CONCLUSIONS 

Daily estimates of Spread-F activity have been determined in local times for each particular station. 
Consequently when the day-to-day variation for a region containing a number of stations is determined the 
distribution obtained will be slightly different from what it would be if daily Spread-F activity was 
determined for each station in Universal Time. However, as the a’/erage longitude of the 18 stations used 
in regions a and b is only 24 degrees east of the Greenwich meridian, this means that any "smoothing-out" 
of the true day-to-day variation of Sptead-F because of the use of local times is not going to result in 
any significant bias. That is, activity on a particular da y (Universal Time) will be spread slightly, 

but equally, into the day before and the day after. This means that the tendency, in the results 

presented here, for Spread-F to have high values not only on the centre day of the distributions but on 
the day after (see e.g. Figure 4a) is in all probability, significant. 

From this analysis it seems likely that those gravity waves recorded at Brisbane, which are not 
related to frontal activity, are i.i some wa" associated with ionospheric Spread-F conditions in sub- 
auroral regions. The fact '.hat there seem' to be a link between the occurrence of these gravity waves and 
sunspot activity, and also geomagnetic activity, suggests that solar particles may be responsible for both 
the Spreed-F and the gravity-wave phenomena. If the gravity waves travel from auroral regions they are 
possibly instrumental in the production of Spread-F irregularities in these regions. At least one 
investigation of Spread-F occurrence in auroral regions (Bowman, 1968b) suggests Spread-F structures which 
are consistent with their being produced by the passage of gravity waves with periodicities similar to 

those discussed here. One has, however, to explain the fact that in some of the distributions of this 

analysis Spread-F occurrence is not only high on the centre day but also on the next day. Perhaps for any 
event the observable Spread-F activity continues for several days whereas the AGWs associated with the 
onset of the event may be the only ones with sufficiently high amplitudes to be detectable at Brisbane. 
Auroral infrasonic waves (AlWs) have been detected fur sore time now (Wilson, 1971). Perhups AGWs, and 
even AAWs, are produced in the high atmosphere of auroral regions by mechanisms similar to those 
responsible for AIWs, whatever these might be. These observations are however only speculations, it is 
obvious that the precise nature of any association between Spread-F and gravity waves will not be known 
until we have more experimental results and more analyses are performed. 

Finally, this paper presents evidence for an association between acoustic waves, recoided at 
Brisbane, and sunspot activity for the sunspot-maximum years. This result, however, may be fortuitous, 
and should be treated with caution. 
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Figure 1. AGWs recorded on 6 June 1968. Local times are used. 



Figure 2 . 


An example of AAWs recorded on 30 August, 1964. Local times are 














STANDARD DEVIATIONS 


Figure 3. 


Map illustrating L-shell regions in the vicinity of Australia; and indicating number of 
stations in each region. 



Figure 4. 


Spread-F activity relative to AGW control dates during a sunspot-minimum period, 
(a) for regions a and b; (b) for regions c and d; (c) for regions e, f and g. 



























Figure 8. Fourier analyses of distributions (a> sunspot numbers (sunspot minimum); 

(b) sunspot numbers (sunspot maximum), (c) Ap indices (sunspot minimum); 

(d) A„ indices (sunspot maximum). Solid lines - relative to AGW control dates; 
dashed lines - relative to random dates. 
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Figure 13. Fourier analyses of distributions (a) sunspot number* (sunspot minimum); (b) sunspot numbers 
(sunspot maximum). Solid lines - relative to AAW control dates; dashed lines - relative to 
random dates. 
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REMARQUES OOf’LfcMENTAiRES SUR liS PERTURBATIONS IONOSPUERIQtJES JTIKERANfES 
ATTTU BUEES A L'ACTIVITE IXJ COURANT-JET AUX LATITUDES MOYENNUS 


par 
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SONflAIRh 


Dea perturbations ionoophtriques itJinfrantes d'Scholla aoyenne, prtsentant das ptriodes 
de 12 A 30 minutes sent dtteettes l'hiver, darn la journte, aux altitudes da la rtgion F, Ces 
perturbations, dont la presence eat ccnstatte dona das conditions de calae magnttique f aont attri¬ 
butes a la presence de configurations de vent "actives", litas au courant-jet a l'altitude de la 
tropopause. On reconnalt ces configurations actives sur las cartes de vent de la tropopause f A un 
cisaillemenx horizontal du vent lorsque la direction de l'ecouleaent est paralltle aux isolignes 
de vitesse de vent constante, L'activitf diainue au fur ct A mesur* que le vent acctltre ou dtet- 
ltre dans la direction de 1'bcoulement, On peut censidtrer que l’activitt icnosphtrique rtsultant 
de ces vents de tropopause actifs est localiste, du point de vue de la circulation globale | par 
conatquent, elle n'est jamais observte ni prtdit.e sur une base globale, ce qui est regrettable car 
leo transmissions radio A haute frequence sont affeettes par la prtsence de ces perturbations 
ionospbtriques. 
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ABSTRACT 

Medium scale traveling ionospheric disturbances with periods of 12 to 3° minutes are detected during 
daytime winter at F-region heights. These disturbances are present when it is magnetically quiet and are- 
attributed to the presence of 'active' wind patterns associated with the jet stream at the height of the 
tropopause. The active patterns on the tropopause wind analysis maps are recognized by horizontal wind 
shear as the direction of flow lies parellel to the lsolincs of constant wind speed. The activity dimin¬ 
ishes a r the wind accelerates or decelerates in the direction of flow. The ionospheric activity resulting 
from these active tiopopaure winds -ray be tho.ght of as localized, in terms of global circulation and, 
hence, is neither observed nor predicted on a global, scale. This is unfortunate as KF radio transmission 
is effected by the presence of such ionospheric disturbances. 

1 . introduction 

'The medium scale traveling ionospheric disturbances known to be present at mid-latitude during day¬ 
time winter under magnetically quiet conditions are often thought tc originate in the lower atmosphere. 

We have previously shown disturbances of 12 to 20 minute period with horizontal phase speeds of approxi¬ 
mately 130 meters/second, for winter 1968 (sunspot maximum) at ionospheric heights near 200 km over 
Boulder (40° N, 105° W) to be generated by 'active' wind patterns associated with the jet stream at the 
hel(.j 3 t of the tropopause. In this paper we present ionospheric HF pulse data and the corresponding tropo- 
pause wind analysis maps as evidence that our criteria for the active wind patterns is equally valid for 
another mid-latitude location (39 u M, 115° W), west e.rd slightly south of Boulder, using a different radio 
technique from the earlier- 3tudy. 

2. BAC1CGR0UND 

The underlying theme of this paper is an investigation of medium scale traveling ionospheric distur¬ 
bances thought to be generated locally at the height of the tropopause at mid-latitude during magnetically 
quiet conditions. The specific disturbances that, concern us are observed to have periods of 12 to 30 min¬ 
utes at mid-latitude ionospheric F-reglon heights'.. Since these disturbances are detected using HF radio 
techniques we have consistently restricted our observations to daytime when reflection conditions are 
optimum. Only the winter months, October through March, are considered because during those months the 
overhead tropopause wind patterns at mid-latitude are well-formed and persistent. In addition, during the 
winter months the propagation conditions from the tropopause to the ionosphere appear to be in our favor 
(Goe, 1971). 

These medium scale mid-latitude disturbances should be contrasted with the large scale traveling 
disturbances also observed at ionospheric heights at mid-latitude. The large scale disturbances are 
thought to originate in the auroral oval during tines of increased magnetic activity. A recent review of 
this topic is available (Evans, 1972). 

Our active wind regions, as seen on the U.S. Weather Service Tropopause Wind Analysis Maps, consti¬ 
tute the microstructure of the ridges and troughs of planetary scale waves. A planetary wave my have a 
wavelength of approximately 4,500 km which is equivalent to, say, 50° in longitude (at 4o° N latitude) or 
the width of the continental United States. This means then that our activity may be confined to, say, 

20° in longitude. Because of its microscale and localized character, such "meteorological noise" is 
neither obce'u/ed nor predicted on a global scale. This is unfortunate, in so far as HF radio propagation 
is concerned, because the unwanted effects on the signals, in particular the signal strength, may occur 
without advance warning. 

In this paper we direct our attention to the source of the medium scale traveling ionospheric dis¬ 
turbances as detected by HF sub-microsecond pulses, while Lerfald, et. al. (1972), in a companion paper to 
be presented at this conference, discuss the influences of the disturbances ori the pulses themselves. 

As we discuss the tropopause winds we retain our simple classification for the flow patterns: 
active, quiet, or quasi-perIodic (rapidly changing), as originally introduced (Goe, 1971). Tice limita¬ 
tions of the 'rapidly changing' classification (Goe, 1972a) soon become evident. This limitation, combined 
with the sparsity of tropopause raps (they are issued only every 12 hours), decreases our confidence in the 
interpretation of some o t our wind patterns. 

We leirain convinced, however, that our criteria for the stability of the wind patterns and for the 
generation of the disturbances is as reliable for our new location, west of the Rocky Mountains, as it is 
for Boulder, east of the mountains. The basic difference between the two locations is that the well- 
developed troughs and ridges as they move ir. from the Pacific Northwest tend to remain north of the new 
location oas; directly overhead for Boulder. 
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IONOSPHERIC OBSER'.ATIONS 


Sub~aiIcroseccmd HF pulses, transmitted over an oblique (1500 km) path from Palo Alto, California 
to Boulder, Colorado, show ionospheric behavior appropriate for an ionospheric reflection level of approxb 
mately 200 km near the mlcl-polnt of the path (39° N, 115° w). Hie data are daytime data collected during 
the winter months. November 1969, January 1970, and February 1970. 

Ionospheric motions are detected as fluctuations In the travel time for the pulses but are at¬ 
tributed particularly to changes in the electron density profile near the height of reflection. Such a 
detection of traveling ionospheric disturbances presupposes tha f the motions of the neutral air due to the 
passage of atmospheric waves are carried over to the ionized portion of the atmosphere without serious 
modification. That is to say, fluctuations in the electron density indicate the passage of a wavelike 
disturbance in the neutral atmosphere. We accept this interpretation; Davies and Jones (1971) discuss it. 
in detail. 

3.1. fCF Pul.se Data. 

The ionospheric pulse data are shown in Figures 1, 2 and 3- The time scale, running along the bot¬ 
tom of the records, is marked off in half-hour intervals. These data show the periods of the rather ir¬ 
regular wavelike disturbances to be in the neighborhood of 15 to 30 minutes. An occasional longer period 
disturbance, such as the one seen on February l8, appears on the records, however. The 6-hour time inter¬ 
val, 1300 to 0000 hours LIT, corresponds to local daytime, 1100 to 1700 hours LST. 

Ttie tick marks on the vertical time scale are spaced at 30 microsecond intervals to indicate 
(relative) pulse delay time. The bottom edge of the signature is the beginning of the pulse, while tne 
length of the vertical line extending upward from this initial point represents the pulse length or, what 
is oft times equivalent, the pulse distortion. The transmitted signal (pulses « 0.5 p.sec duration) had a 
frequency spectrum which peaked at 18 MHz; appreciably below the F-layer penetration frequency for this 
path during winter daytime. 

3 .2. Numerical Activity Index. 

The ionospheric activity is rated on a scale from 1 to 8 according to our L/Lo numerical index 
(Goe, 1 971). This index is assigned according to the ratio of line lengths L/Lo, where L is the measured 
length of the trace formed from the composite of the pulse data and Lo is the length of the base (time) 
line. These line lengths are shown schematically in Figure 1. We have in each case assigned the iono¬ 
spheric index moat appropriate for each 3-hour interval, 1800 to 2100, 2100 to 2400 hours UT. These L/Lo 
indices are shown as integers in the figures. 

There is some ambiguity present in these numerical indices for the ionospheric activity. Neverthe¬ 
less, it is clear that the activity for the November data (Figure l) is moderately low (L/Lo = 3) and con¬ 
sistently present. Generally, an index of 2 or 3 provides assurance of low level ionospheric activity. 

The ambiguity becomes more apparent when L/Lo = 4 because then several small amplitude oscillations may 
contribute the same line length throughout a 3-hour interval as a few large amplitude oscillations. The 
index for the January data (Figure 2) is most effected by the ambiguity as L/Lo = 4 Is observed. 

As the activity increases to 5 or 6 relatively large amplitude fluctuations must persist throughout 
the interval and the ambiguity again tends to disappear. The data for February 18 (Figure 3) shot' this 
increased level of activity. The L/Lo index has been defined to range from 1 to 8, but the 8 is reserved 
for a severe magnetic storm condition (Goe, 1972b). 

3.3- Remark. 

With this pulse data we have been forced to abandon the spirit of our graphic period-amplitude 
representation used for the CW-Dopplersonde data (Goe, 1971; 1972a; 1972b), Even though such a display of 
ionospheric data provides a means to easily intercompare the activity for consecutive days, the pulse data 
are so frequently interrupted that visual scanning for trends has little purpose. Heoce, only L/Lo in¬ 
dices shall be used in Figure 7. We discuss the data summarized in Figure 7 after we examine the flow 
patterns on the tropopause wind maps. 

4 , TROPOPAUSE WIND ANALYSIS MAPS 

Tropopause Wind Analysis Mans, issued every 12 hours, 0000 and 1200 hours UT, by the United States 
Weather Service, are used for this study. The redrawn tropopause maps are pictured in Figures 4, 5 and 6. 
The wind speeds are given in knots (K, nautical miles per hour) with 100 knots equal to approximately 50 
meters per second. The black dot on each map Indicates the geographic location on the mid-poir.t (39° N, 
115° W) of our oblique propagation path. 

4.1. Analysis of Vector Wind Field. 

The wind patterns on the maps of Figures 4, 5 and 6 are represented by streamlines (solid lines), 
indicating the direction of flow, arid lsotachs (dashed Lines), the isolines of constant wind speed. We 
confine our attention to this abstract representation of the vector wind field. Such a kinematic approach 
allows us to consider the stability of the wind flow without regard for the dynamic forces producing it. 
Even thl3 has its limitations, however, as we allow ourselves to think only in terms of a static vector 
field, i.e., we assume that the streamlines represent the path of the moving air parcels. But, be that as 
It may, in so far 83 it is possible, we discuss the flow in terms of wind speed with respect to direction 
of flow and its consequence, the onset or disappearance of horizontal wind shear. The question of the 
origin of the wind field we leave to the dynamic meteorolog 1 sts. 

The integer index shown in the lower right hand corner of each map indicates horizontal wind shear 
in 0.01 meters per second per kilometer as appropriate for the mid-point of the propagation path. These 
numbers fail to exceed 6 (0.06 m/s/km) for the days of interest. It Is common for horizontal wind shear 











In pa-sing, we take this opportunity to assure you that we have great confidence In the ionospheric 
absorption measurements made by Schentek at Lindau, West Germany, while the f-mln data vised by Deland 
and Friedman (1972) en an indication of ionospheric absorption are less reliable. Schwentek (labitike 
and Schwentek, 1968; Schwentek, 1969 ) makes it clear that any association between ionospheric absorption 
and stratospheric temperature is not a straightforward one. 

5.1. The problem. 

Even though we likewise concern ourselves with both the upper and lower atmosphere - our distur¬ 
bances originate in the tropopause and propagate into the ionosphere - we do not require a direct coupling 
between the two. 

It vas recognlteu earlier (dossard, .1962; Gouoard ana Munk, ir,4) that internal gravity waves with 
periods comparable to those we observe, could be generated in the troposphere and propagate into the 
ionosphere. Gossard outlines the general problem very well: (l) the generation of the disturbance in 
the lower atmosphere, ( 2 ) the propagation characteristics along the path and ( 3 ) the means of detecting 
the disturbances at ionospheric heights. We concentrate on the first to study the source of the distur¬ 
bances; we learn nothing of the second directly but must infer everything from the characteristics of the 
reflected traces, and we tolerate the third as we observe the ionized rather than the neutral portion of 
the atmosphere. 

We note, however, that Cowling, et. al. (l97l), Yeh, et. til. (1972) and others contribute to ( 2 ) 
by discussing propagation characteristics appropriate for mid-latitude. They elaborate on their wind 
control theory - strong thermospheric winds acting as a directional filter for the internal gravity waves - 
and other atmospheric processes. Their tracing of rays from the ionosphere back to the troposphere in¬ 
deed lends support to our study as they find 3 to 5 hours travel time to be realistic for our near 30 
minute period waves (Yeh, 1972). 

5.2. The Wave Generating Mechanism. 

The tropopause Wind Analysis Maps are our primary source of observational data for the wind pat¬ 
terns, while Yeh (1972) and Liu and Yeh (1971) continue to provide as much guidance as possible in an ef¬ 
fort to bring theory and practice together. At present, the best we can do is to clarify terminology in 
order to communicate the Information we gain from the tropopause maps more effectively. 

We use the kinematic approach, with streamlines and lsotachs to describe the vector (wind) field. 

The word 'macrostructure' refers to the patterns formed by the streamlines, the ridges and troughs of the 
planetary-scale waves. Such a wave is shown schematically in figure 8. A wavelength comparable to the 
width of the continental U.S. is usual at 40° N latitude in winter. Our stability criteria is most nearly 
applicable when this macrostructure Is only slowly altered as the patterns meander or migrate from west to 
east across the United States. 

The word 'microstructure 1 refers to the patterns formed by the lsotachs about the streamlines. 

This microstructure is always changing with respect to the macrostructure, but the rate at which it 
changes is the primary interest of the wave generating mechanism. We use the term, 'quasi-periodic' to 
mean short term (3 to 6 hour) changes in the microstructure. 

The criterium for quiet patterns is definite, the lsotachs are perpendicular to the streamlines. 

The air parcels accelerate or decelerate in the direction of flow and there is no wind shear. The general 
category of an active pattern requires the presence of wind shear, the lsotachs parallel to the stream 
lines. 

As the atmosphere makes a rapid adjustment the macrcstructure may change severely within 12 hours. 
During such times we have little confidence that the trajectory of an air parcel is represented by the 
streamline. Our assumption of a static vector field breaks down; we can no longer think the wind shear 
mechanism to have meaning. 

5 . 3 . Summary of data. 

The results of the ionospheric and tropopause data are summarized In Figure 7. The days are plot¬ 
ted on a 24-hour time scale, with local daytime (09 - 17 hours L5T) coinciding with the breaks in the 
heavy black lines at 16 - 24 hours UT. The ionospheric data are daytime data while the wind data are 
shown on a 24-hour basis. 

The magnetic Kp index is shown in the first line. As was mentioned earlier, the November days 
follow a time of slight activity (Kp = 6'). Other than that, the days are magnetically quiet as would 
be expected since we are near winter solstice rather than equinox. 

The purpose in the study was to test the validity of our criteria for the stability of the tropo¬ 
pause winds. We find no violation and, even though the data are meager, we feel that we have learned 

more about the changing (quasi-periodic) patterns. The more nearly sinusoidal wavelike disturbances ap¬ 
pear to be associated with tnese changing patterns. 

3.4. Overhead Winds at Mid-point. 

Our last result is easily visualized by referring again to Figure 8. W? note the position of the 

trough over the western United States. The solid line represents a deep trough, while the dashed line 

indicates a more usual depth. Hence, the dashed line is the usual path of the well-formed wind patterns. 

By using the dashed line as che outside boundary for the wind pattern, you can see that it passes 
near Bo'ilder (40° N, 109° w) but goes slightly north arid east of the mid-point of the oblique path (39° 
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We detect medium scale Ionospheric disturbances, periods of 15 to 30 minutes. Aa we observe this 
Ionospheric activity from a mid-latitude ground station located 1*0° N, 105° W, we see the activity come 
and go as the overhead tropopause wind patterns pass by. The trends In the Ionospheric activity for this 
location are already known to be something like 3 to 5 days in duration. 

When we observe the ionosphere iVom our new location 39“ N, 115“ W, the activity trends are quite 
different. We find, however, that the criteria of isotachs parallel to streamlines, combined with the 
quast-perlodic behavior, describes the active tropopause wind patterns for both mid-latitude locations. 

Therefore, v.-e conclude that the ionospheric activity is localized, in terms of global circulation, 
and that the observed activity depends on the characteristics of the overhead tropopause winds. Stated 
differently, this type of ionospheric activity is a strong function of the geographic location. 
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Figure 1. Ionospheric HP sub-microsecond pulse data recorded over an oblique 1^00 km path from Falo Alto 
to Boulder. Local time is 1100 to 1700 hours (l800 to 2400 hours UT). Two integers indicate 
the ionospheric activity L/Lo index for each 3-hour interval, 1800 to 2100, 2100 to 2400 hours 
1JT, for each da/. Although these November data display a moderately low level (L/Lo - 3 ) of 
ionospheric act! "ity, it is consistently present. 
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Figure 2. Ionospheric HT sub-microsecond pulse data similar to that shown in Figure 1. These January 
data are, unfortunately, often interrupted but show the ionospheric activity to be irregular, 
ranging from low (L/Lo «= 2 ) to moderately active (L/Lo » 4). 














Figure 3 . Ionospheric HF sub-microsecond pulse data similar to that shown in Figure 1. A high level of 
Ionospheric activity is reached on February 18 (L/Lo = 5 ) but the disturbance probably comes 
from a severe vertical exchange of air in tha lower atmosphere. 
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IONOSPHERIC-TROPOSPHERIC ACTIVITY - (39 C N, 115 °W) 

Conflxurlaon of magnetic, ionospheric and tropospheric data for days of Interest November 1969 , 
January 1970, and February 1970. Magnetic (Kp; indices are recorded for days of interest. 

The 3-hour L/Lo ionospheric activity, as deduced from the HF pulse data, is shown, as appro¬ 
priate, for daytime hours. The tropopause wind patterns are classified as quiet, active or 
quasl-perlodic (QP), changing back and forth from active and quiet. 
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Figure 8 . Planetary Wave In Lever Atmosphere, at Mid-latitude. Wavelength extends across most of conti¬ 
nental United States (50° in longitude) at U0° N latitude. An active wind region, the micro- 
structure of a ridge or trough of a planetary wave, is confined to, say, S0° in longitude at 
!j 0° N latitude. The vectors indicate a transfer of momentum causing the trough to steepen. 
Compare the dashed line with the solid line. 
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fie r£c*nts sonditgea Doppler d'ondes radio haute frequence, effec*uS« dene I'iouosphire, 
out dans lee couches etuoophSriquee eupfirieuree, la presence d'oacillat ions pendant lets 

pV.rod.es d'activitfi arageuee, Cea oscillations, qui prSoei'tent dee pAriodes variant de 2 4 5 su- 
nutes, a» prctlongent frCqueaeent duraot pluaieura heuras, la coherence de ces oscillations corro- 
bore l'intsrprftatior gtnfersle selon laquelle ellea sent causSsn par le passage d'ondes infra- 
Bouigue# de grand* longueur, II ne se produit epparaaaent pae d'oscillations distinctes sonbla- 
blee, avec la nine game de periods lcraqu’on observe dee nouvenentu d'air dans la troposphere 
par sauvais turps, On sait toutefois que lea activity de convection font naltr« deo fluctuations 
<fl des ondes internes dont les pbriodes avoisinent et dSpassent les ptriodes de Brunt-vCis&lg, lea 
auteurs du present expose proposent, pour expliquer la production de ces ondes ionospkiriques 4 
ptriod.ea de 2 4 5 minutes, une thforie baste sur des principes senblables 4 ceux qu'utilise 
light-hill pour sa thSorie des sons atrodynaaiques, Is fait que lee ptriodee den oscillat ions iono- 
sphtriques uont considtrablenent inftrieures aux periods* troposphfiriques de Barunt-ylisElii est 
expliqut de la faqon suivante : lee frequences priioninantes Raises sont la same, obtenue par des 
processus non lintairea, des frequences dee cheaps de sitessa en interaction rtciproque engendrfis 
par les conditions ntttorologiques, Ces frequences Creises ne sont pas nicessairenent observSes dans 
le cheap proche. 
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S UMMARY 

Recent experimental evidence, baaed on radio HF DcippLor sounding of tha ionosphere, show* oscillation! 
of the upper acmosphota during period* of thunderstorm activity, These oscillation*. have period* In the 
range of 2 min to 5 min, frequently for many hours duration. The coherence of the onclllationa i" conai.e- 
tent with the interpretation generally given that thay aro caused by the peesege of long viavelungt.h infra- 
aonlc waves. There are apparently no similar distinct oecillations with the same, period niuge aenociated 
with air motion in tha troposphere during eavera weather. However, convective activity ia known to generate 
fluctuations and internal waves with pariode near and ah v,t BrunC-V *'■ sttlM period*. Tna preueDt paper 
proposes a theory for tha generation of theae ionospheric ! -5 min period waves, baaed on concepts similar to 
those usad by Llghthlll in the theory of aerodynamic sound. That the periods of the Ionospheric oscillations 
ara substantially lower than tropospheric Brunt-VllsRlB periods -* explained as being due to the feet that 
tha predominant radiated frequencies are obtained as a aumaation, via non-linear preceaeae, of the fre¬ 
quencies of the interacting velocity fields generated by the weather ayatnm, These radiated frequencies 
aro not necessarily observed In the near field. 

INTRODUCTION 

In recent years, experimental evidence, baaed on HF radio Doppler sounding of the upper atmosphere, 
ehows Ionospheric disturbance* associated with thunderstorm activity (Georges, 1963; Baker and Davies, 1961; 
Detert, 1969; Davies and Jones, 1971). These ntudiea reveal that sometimes quasl-ainusoldal oscillations, 
with periods in the range 2-5 min, occur when thunderstorms ara within a radius of 250 km of the Ionospheric 
ret lection point. The simultaneous use of multiple HF radio frequencies and of several spaced stations 
In a Doppler sounding system at near-vertical incidence, (hows that these oscillations an coherent in the 
ionosphere over lateral ranges of *t least the epaclng of the radio reflection points and are coherent, over 
the range of lower Ionospheric HF reflection heights (Detsrt, 1969). This coherence is consistent with 
the Interpretation frequently given that the observed oscillations are caused by the passage of long wave¬ 
length acoustic waves through the atmosphere. Since the principal periods (2-5 min) are somewhat smaller 
than the typical Brunt-VBiaglM periods In the atmosphere. Much waves would correspond to the acoustic 
branch of tha acoustic-gravity vava spectrum, 

A very striking feature of the HF Doppler data is the relatively narrow bandwidth of the Ionospheric 
oscillations, sometimes with Q greatur than 10 for an epoch of saveral hours. This is suggasr.lve of some 
kind of resonant phenomenon, although there are apparently no distinct oscillations in the 2-5 min period 
range associated with air motion In the troposphere. However, it is well known that high convective 
activity getierates turbulent fluctuations end generates internal gravity waves outside of the convection 
zones. Fig. 1 reproduces the power opectrum of atmospheric pressure given over twelve years ago in a 
classic paper by E. Cossard (1960) . The longest solid line illustrates average conditions, but the dashed 
spectrum and the short solid line near it represent conditions of great excitation. Each of the latter 
two curves, Goasard identified as the spectrum of Internal waves generated by convective activity with 
wave frequencies near the local Brunt-VttlsXllf frequency computed from radiosonde data. Brunt's period 
varies typically between 6 and 10 minutes in tha troposphere, depending on the temperature stratification, 
and Ik the natural period of buoyancy osclnations in a stabla atmosphere. 

In this paper we propose c theory for the generation of the anotsoloua ionospheric oscillations by 
thunderstorms, based on the concepts successfully employed by Lighthill(I952, 1962) to explain the generation 
of aerodynamic sound by turbulence. In thio model the ionospheric oscillations are a manifestation of 
acoustic waves radiated from tropospheric regions of interacting velocity fields whose frequencies are et 
or below the lower atmosphere Brunt-VSisRl# frequencies. By mesne of non-linear fluctuating Reynolds' 
stresses, a transfer of energy is effected from the internal gravity wave regime to the acoustic wave 
regime of the acoustic-gravity wave spectrum. This transfer takes place with concomitant change of 
frequency. 

Recently, Jones 0970) introduced a model to explain the Ionospheric oscillations under discussion 
In this paper. His explanation is based on the mode theory of lower atmosphere guided acoustic-gravity 
wave propagation. In a typical set of nultl-mcdn dispersion curves, theta are regions where modal curves 
uearly 'kiss' each other, and Jones explains the phenomenon as being due to the coupling of energy between 
the fundamental and firct gravity modes. A aejot objection to this explanation la that it cannot explain 
the ionospheric oscillations directly above the thunderstorm region* a* are observed. The existence of 
the normal modes are really established by the extended stratification of a glvin atmosphere and the 
coupling of modes, at 'kissing', can only be achieved at horizontal ranges greater than r/Ak where Ak le 
the wave number gap tt tha 'kissing' region. To explain a 280 period from Jones’ curve this distance 
should be taken to be about 200Q km. 

HAVE EQUATION AND SOURCE 

The basic approach of bighthill (1952, i962) in the aerodynamical generation of sound is to 
separate the linear and non-linear terms In tha equation* of motion and then form an Inhomogeneous wave 
equation for one of the variables. The linear terms are the wave propagation operator, and tha non-linear 
terms arc considered as a source function. If the wave motions are weak compared to the primary motions in 
the flow field, and there la negligible back reaction on the primary flow, then the inhomogeneous wave 
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aquation can bo aolvad for tha radiation amltted In tha far flald. Tha aourca function la data rial tied by 
the primary flow flald and la limltad In axtant. Tha method la thua raatrlctad to weak wava omission. 
Llghthlll's procedure! Ins baan extended to wava notion In a atratlflad atmoaphara by Moora and Spiegel 
(1964), Xato (1966), and Stain (1967). 

For simplicity, wa conaldar an unbounded laotharaal atmosphere with umllBturbad praaaura p Q and 
danalty p Q , atratlflad with height aa exp(-Z/H) with neala height 

H - P Q /P 0 g “ c|/yg (1) 

where c Q la tha spaed of sound, and y is the ratio of apaclflc heate. If o^(r,t), p^(r,t) and v(r,t) ara 

deviations of nlr density, praaaura and velocity from their equilibrium values, the governing equations are 
then (with llnaar terms separated on tha left-hand side and tha non-linaar terms on tha right-hand aide): 

°o Sr + vp i ■ p i* ■ F • (2) 

ae i 

3 ^+ 7-(p o v) - q , (3) 

and 

3 °1 

— + p 0 I ‘ “ + p o c o “ h * 

where 

3(pvv ) 3 (p. v) 

r -3--i— 

3 Xj 

q - -?-( 0l v) , (6) 

and 

h - -YPjVv - v-Vp 1 (7) 

Here g - (0,0,-g). Equations (2), (3) and (4) ara the aquations of momentum, mass conservation and 
adiabatic motion, respectively. 

Eliminating p^ and v from tha llnaar terms in aquations (2), (3) and (4), and introducing the 

variable 


(4) 

(5) 


P - Pl //ir (8) 

in order to remove the height dapandance of tha perturbation amplitudes, we obtain the following Inhomo¬ 
geneous wave equation (Kjito, 1966; Stain, 1967) 


T .. c o V2 + (f^r 2 C 


V - s , 


where the source function S is given by 


- JL | r < x + ^" 2 “b) (-»■* + §f» + ~ (1 + (f- t ")" 2 g-v)((r-i)i-f - |-<c|q-h))l . 
i/S! c o 


(9) 


( 10 ) 


li. + iL 

3x 2 3y 2 


w. •" c /2h 


( 11 ) 


la the acoustic cut-off frequency, while 


“ (/" Y-i/v) c. /H 


( 12 ) 


is the Brunt-VdlattlH frequency of th<» atmosphere. 

In Eq. f9) the expression In brad at* la the acouatlc-gravitv wave operator which separates into 
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the acoustic branch for w>u^ and Into the internal gravity branch for w<(o B . Sine* we are interested in 

acoustic waves in the atmosphere we shall use the well-known approximation (Tolstoy, 1963) to the wave 
operator in the acoustic range: 


We next simplify the source function by Llghthill's procedure of treating the terms in Eq. (10) as truly 
known sources. This means that primary flow is only vaakly coupled to the acoustic field. This is 
generally considered to be possible for low Mach number flow, which is tantamount to considering the 
primary fluid motion as almost incompressible. Although Llghthlll's (1952, 1956, 1962) treatment is 
widely accepted, the theoretical Justification for this procedure la etlll evolving (Crow, 1970; Lauvstad, 
1968). Following in the same spirit, only terms involving ? in Eq. (10) are considered important. This 
follows since 


The terms in ? become 


_1/2 \ /__l/2 \ , 

I Pi Ip J« ( o* . /p / 'v M 2 , 

\ 1 acous o/ V o prim o/ 


a2 (P 0 v i v <) 

-7‘l + ^ t— a-U- 


« • 1 “ 8 7x~ (p o v l v J 6 i3 ) 


The source term (3/3t)(c 2 q-h) represents the non-adlabatlc nature of the flow field and of the stratifi¬ 
cation, and is generally negligible for low Mach numbers (Stein, 1967). 

With Eqs. (16) and (17), we can than expand the source function in multipoles (Unno, 1966; Stein, 


c S(x,t) • a 


32 (y/°~ 0 y.,) i _ 3 V6~ v^) + 


E ( (/pC, « 2 ) 


where v - (v., v„, w), H is the scale height, and where 


01 “ 1 “ U B (1 " 2 ^ S i3 + 6 J3^ ( 3t' ) 


(1 -V <fr >' 2 


The three terms in Eq. (18) differ from each other in the degree of space differentiation and represent, 
respectively, quadrupole, dipole and monopole sources. The dipole and monopole are absent in a uniform 
medium, but arise because the stratification acts as a boundary surface (Curie, 1955; Unno, 1966). 

RADIATION FROM THUNDERSTORMS 

Equations (9) and (18) are the inhomogeneous wave equation and source function, respectively. We 
lndlcatod that, because of our Interest in the generation of acoustic waves of the acoustic-gravity wave 
spectrum, we shall use the approximation of Eq. (13) as our acoustic wave operator. We also now make 
simplifications on the source function Eq. (18). First, we consider that the scales of motion are small 
compared to the scale height H; so that from the form of Eq. (18), only the first term, the quadrupole 
source term, remains. Second, with the thought in mind that the fluid motions contributing to the 
fluctuating Reynold's stress are near the Brunt-VRlodlR frequency u B> and thus primarily in the vertical 

direction (Mldgley and Llemohn, 1966), than the coefficients Eq. (19) become o » 1, B * 1/y and e - (2-y)/y. 


With the approximations Indicated above our inhomogeneous wave equation becomes 



C 2 V 2 

o 



i_ a2( ^ v iV 

c o 8x t axj 


( 20 ) 
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This equation will he tha basis for *001 of tha remaining discussion, It differs from Llghthlll's aquation 
by tha dispersive term w 2 and tha modified independant vsriabla p^/rp^ • both produced by stratification. 


Wa now introduce a time-harmonic analysis, in which 


Thus Eq. (20) becomes 


—« P(x,t) ■ *(x,w)s du 

/r j- 


c 2 V 2 ) $( x u ) . S —- i/p"v.v e iut dt 

“ 2 * c 3 3x i 3x j 0 1 i 


where < is tha phase velocity at frequency u, and where 


DJ O O O 

“ ‘“A 

Equation (22) cm now be solved by standard techniques (see, e.g., Stratton, 1941). We solve for 
9 outside the source region which is in a finite volume near the ground. If y Is a point within the source 
region, r tha vector from this point to the observer at x, then outside the source region we have. 


»(x,w) - —^7 

8s 2 c 3 Jv 


■ ■ ■ /q' U d 3 V 

3y, ay, o u ij 0 y 


where we only consider the propagating frequencies, u > also 


u ij ( ‘ , “ ) “ L v i v j e " iut dt 


Away from the source region we can uae the divergence theorem twice, so 


, 2 r,r. -iwr/c 

• (5,a.)--i- 

S* 2 c 3 r 2 r o 


p U. (y,w)d 3 y 


In the far field this becomes 


then, from Eq. (25), 


1 2 x.x. r -iwr/c 

#(x,w) * - ^7- —2^- [ ®-— JT U,, d 3 y 

8 n 2 c 3 < ~ Jv r 0 « 

o 

v i “ V y) 008 + ^(y)] 

Vj - Vj(y) cos jw^t +• *j(y)J 

U lj " V i V j' r + «> 2 ))® i V*2 ) + «(u-(ui 1 -w 2 ))e i( *r l> 2 ) J 


If v. and v are oscillations in the internal gravity wave spectrum than 


u,, w, < u. , 


and since u. > u. wa rsquire for radlatlor (w, + w.) > u., and Eq. (27) becomes 

A B 1 J A 


. j x.x, r -iwr/c 

Kx,u) - ——- * - /p~ V V 4 (w-(w,-hj.) )d 3 y 

ivr3 -2 x Jv r 0 1 J 12 


It is evident from this that a frequency » • ia radiated, where and are frequencies of 
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internal waves. 

If w.,u. are near the Brunt-VHlsaiS frequency m then the acoustic frequency radiated would be 
*• J ** 

w * 2uig. In the troposphere. Brunt's period varies from about 4 to 10 min, so that the period of acoustic 
waves radiated would be from 2 to 5 min, which Is the period range of ionospheric oscillation associated 
with thunderstorms. 

Near the fluid particles move primarily in the verticul direction no that x^ " x^ and in Eq. (31) 
the geometrical factor is 


- cos 2 0 

X 2 


(32) 


where 9 is measured from the vertical. We have a vertical linear qucdrupole radiation pattern, with a null 
to the side, This null may help explain the appare it absence of the acoustic oscillations on microbarograph 
records during thunderstorm activity (K. Davies, private communication), because outside a cone of semiangle 
of about 30* the acoustic prenoure would be small. 


Actually, at least one of the waves v^, v must have a vertical wave number component in order for 
the acoustic oscillation to be observed lti the ionosphere above the source. This is seen if we use the 
representation 

Vj a, j | e.jp(i(k^x - Ul t - 4 - 9 i )dud 3 k (33) 

so that 


v i V J ^ jj exp + + “j)t + + 9j)dud 3 k (34) 


l.J 


(k ,k ,k ), , 
x* y 1 i i,J 


, and (kj + kj) is the acoustic wave number so that for vertical propagation 


< k ,.l * “a .) 5 > °- 


CONCLUSIONS 


In this paper we hava developed a theory to explain the generation of 2-5 min period acoustic 
oscillations in the ionosphere by thunderstorms in the troposphere. Using the approach of Lighthill to 
explain the generation of aerodynamic sound, an inhomogeneous acoustic wave equation was developed with 
multipole sources, of which the qundrupol* is the most important. 

Thunderstorms and other convective activity are known to generate oscillations and waves in the 
internal gravity wave spectrum. Through the nonlinear quadratic interaction of these internal waves the 
oultlpola aources are excited, generating acoustic waves whose frequency is the sum of the frequencies of 
the primary internal waves. For internal wave periods near Brunt’s period, chls process would generate 
acousclc periods near one-half Brunt’s period In the troposphere, i.e., periods 2-5 min for typical 
Brunt's periods 4-10 min 

Near Brunt's period particle motions are primarily vertical, sc that for interacting internai 
waves with periods near tg, tho quaorupole (and dipola) radiation pattern in the fur field for acoustic 
waves is in the vertical direction, with a null to the aide. 
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Fig. 1. Presaute powe. spectrum of the atmosphere, after Gossard (1960), with 
examples of epsctra of gravity waves generatad by convective activity. 


226 


nS v (n), sec” 








18 


A PHENOMENOLOGICAL INVESTIGATION OF AMPLITUDES 
AND SPECTRA OF GRAVITY WAVES 


by 


J.P.Schodel 


Max-Planck-Institut fur Aeronomie 
Abteilung fiir Weltrauinphysik 
3411 Lindau/Harz 
Fed. Rep. Germany 


2Z7 











ETUDE PHHNCMENOLOCIQUE DBS AMPLITUDES tT DES SPECTRES D'ONDES DE GRAVITK 


par 


J.P, o .doUel 


SOMA I RE 


Les observations du costenu en Electrons de 1'ionosphere «u moyen de satellites bail¬ 
ees geoetationnaires rSvSlent trie friqueinnent la presence d'oscillations de forme sinusotdale. 

Lea enregistrements de rotation de Faraday reprisentent, pour ces oscillations, un bon syst^me 
de contrSle, Pour itudier ces oscillations, on a filtri nuuiriquement les enregistrements dn 
contenu d'electrons. Le filtre numirique eat briivenent dicrit, Les amplitudesdes effete criis 
par les ondes de graviti peuver.t ftre facilement montries apris filtrage. La partie filtrie des 
donnSes, reprisentent les fluctuations provoquies par les ondes, peut ftre utilises pour calculer 
les spectres d'inergie, Le calcul de ces spectres d'inergie est dicrit pour clarifier les risul- 
tats. A partir des spectres, on peut diduire les faits suivants : 1°) l'amplitude de l’onde di- 
croft rapidement en mime temps que diminue la longueur de la piriode, 2°) toutee les pfriode^ 
vent itre observies, 3°) les frequences harmoniques ne sent pas habituellement obearvies. Une <tu- 
de statistique portant sur un grand noabre de jours rivile en moyenne que toutes les frequences 
ont la m&ne probability, bien que des piriodes de 35 minutes puissent apparaftr* de prifirence, 

Des jours particuliers sont itudiis. 
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A l^HKNOMfc^iCLOtiiCAL INVtoTXUATIOX Uf AMPLITUDES 
ANII SPECTRA OF GRAVITY WAVES 


J.P. Schodel 

Max-Pianck-lnstitut fiir Aeronoaie 
Abteilung fiir Weltraumphysik 
3411 Lindau/IIarz 
Ked. Hep. Germany 


SUMMARY 


Observations of the ionospheric electron content by means of geostationary beacon satellites 
very often exhibit oscillations of sinusoidal form. Faraday rotation records represent a good 
monitoring system for these oscillations. For the investigation of the oscillations the records 
of the electron content were filtered numerically. The numerical filter is described briefly. The 
amplitudes of effects caused by gravity waves can easily be demonstrated after the filtering. The 
filtered part of the data - representing the wave induced fluctuations - can be used for the 
computation of power spectra. The computation of the power spectra is described in order to clari¬ 
fy the following results. From the spectra we can deduce the following facts: 1. the wave ampli¬ 
tude decreases rapidly with decreasing period length, 2. all periods can be observed, 3. harmonic 
frequencies are usually not observed. A statistical investigation for a large number of days 
shows on average that all frequencies have the same probability, although periods of 35 minutes 
may be preferred. Particular days are discussed. 

1. INThOUbCTION 

If linear or elliptically polarized radio signals from geostationary satellites are ob¬ 
served, one finds short-time periodic fluctuations in addition to the usual rotation of the plane 
of polarization (Faraday effect), which is due to the daily variation of the ionospheric electron 
content. Figure 1 presents the record of Faraday rotation for December 2, 1969. One sawtooth 
corresponds to a relative rotation of 180°. The satellite ATS-3 was observed in Lindau. Superim¬ 
posed on the record are sinusoidal oscillations whose period is less than one hour. Continuous 
observations of this kind are relatively inexpensive to carry out and are obviously useful as a 
monitoring system. Since this measuring procedure gives the integral of the electron density along 
the direction of propagation of the radio signals, no conclusions can be drawn concerning height 
dependent parameters of the observed oscillations. When we speak of amplitudes and spectra here, 
we always mean those which refer to the electron content of the ionosphere. 

2. PRESENTATION OF WAVE AMPLITUDES BY MEANS OF FILTERING 

Presented in Figure ?. in arbitrary units are all of the observed daily variations in the 

electron content for the month of December 1969. We recognize that the oscillations during a day 
obviously occur regularly. Since the amplitudes of these oscillations are small with respect to 
the amplitude of the daily variation itself, we want to separate out these oscillations by means 
of filtering. The filter is determined from the following considerations: 

(a) atmospheric gravity waves have periods from a few minutes to a few hours 

(b) tides should be eliminated by the filter 

(c) the smoothing process associated with the filter sl.ould not in itself produce 
oscillations where the normal daily variation is rapid, such as in :he morning hours. 

Thus we want to examine only oscillations with periods from 5 to 120 minutes. The use of numerical 
bandpass filters is relatively costly in programing and computing time. Therefore we use a nu¬ 
merical high pass filter which has a pass range containing the desired frequencies (Schodel, 

Miinch, 1972). Figure 3 shows the pass response curve R (f) of the high pass filter, which consists 
of 27 coefficients. The response H (f) is plotted versus frequency f (or equivalently period P). 

The filter opens for a period P = 180 minutes. The 3 dB point lies at P - 135 minutes, and the 
filter is fully open, i.e. it (f) = 1, at P = 120 minutes. The filter ia linear and phase pre¬ 
serving. 

Before demonstrating the results of filtering we should first describe the procedure for 
the determination of the spectral frequency distribution. 

3. CALCULATION OK THE SPECTRAL FRLqUr.NCY DIo TKI IIUT10N 

We have already made an important step in the direction of a spectral analysis, namely 
that the amplitude of the daily variation is much larger than that of the superimposed oscillations 
and would yield in a apectrum as described below only a line with P - 24 hours. It can further be 
determined that temporal phase jumps between oscillations of the same period occur, and therefore 
a harmonic analysis ia excluded. The power apectrum method offers a wa v around this problem 
(Blackman, Tukey, 1958). According to Blackman and Tukey in finite time intervals one can determine 
an approximate autocorrelation function cf a continuous function of time. One then obtains the 
power epectrum of the function of time through a Fourier transformation of the approximate auto¬ 
correlation function. When the data points are a fixed distance apart, an estimate of the power 









spectrum can be calculntod. Further detoils can be found in the papers of Ulackaan and Tukey (1958) 
and bchodel and Munch (1972). 

4. SELECTED EXAMPLES 

Out of 117 daily recordings of the electron content exnmined, samples were selected 
which exhibited distinct lines in the spectrum. A preference for fali and winter appears only 
accidentally, since the satellite AT5-3, which was obaerved in Lindau, was not Available for ob¬ 
servation in the spring and summer months. Twelve daily recordings will be presented in chronolo¬ 
gical order and their characteristics described. 

Figure 4 from December 19, 19C8, shows a typical daily electron content curve for winter. 

It has a deep minimum in the morning hours, then a steep increase, and after about four hours an 
equally steep decrease. The curve is relatively flat during the night. This curve is in the lower 
left corner of the figure. The measured vuluos are represented by a solid line. The dotted lino 
represents the filtered curve. In the upper left corner of the figure is the high frequency part 
N£ of tho electron content, ainco all periods less than or equal to 120 minutes are included, one 
can immediately see only a wave period of about 120 minutes. The power spectrum on the right of 
the figure gives information about all represented periods. The relative amplitude A is shown as 
a function of the period P (in minutes). The vertical line in the spectrum corresponds to the 
3 dU point of the high pass filter. In the right part of the figure is given the 90 % confidence 
limit (Ulackman and Tukey, 1958). We consider a spectral line significant only when this limit is 
exceeded. From the spectrum we can then read off two spectral lines, one between 127 and 76 minu¬ 
tes and one at about 29 minutes. A further line can be expected at a period of about 20 minutes. 
Consideration of the spectral lines makes the irregular appearance of the Nt curve understandable. 
It should be pointed out again that the curve contains all frequencies passed by the filter. 

From this example we can extract a characteristic which holds for all spectra; that the relative 
amplitude decreases more than an order of magnitude whenever the period of oscillation decreases 
by a factor of 5. It is therefore to be expected that higher frequencies are, as a rule, lacking. 

In fact data from Lindau/Harz verifies that periods of about 5 minutes are observable on only 
about 0.2 of all days. On the other hand, however, the limit lor acoustic waves in the F-region 
of the ionosphere has been reached (Hines, 1960). 

Figure S from December 25, 1968, shows a very clear wave development in the morning hours 
with a superimposed oscillation of short period. The power spectrum verifies that there are os¬ 
cillations with periods of 120 and 38 minutes. The quantity represents approximately 3 So of th - 
maximum electron content. In Figure 6 from August 22, 1969, the relatively sharp spectral line 
at P = 54 minutes appeared in two wave trains at about 13 and 21 hours. Figure 7 from September 17, 
1969, shows a regular wave pattern for nearly 24 hours. In the ideal case the disturbance N^_ is 
directly proportional to the total electron content (Georges and Hooke, 1970). That presupposes, 
however, that the wave vector of the gravity wave is independent of height. The example just given 
shows clearly that the proportionality does not hold. Thus the wave vector should be considered 
height dependent in ail cases. This is especially meaningful with respect to a quantitative ana¬ 
lysis of the wave amplitudes (.Schodel, 1972). A further example indicating that proportionality 
between the magnitude of N t and N t is not maintained is shown in Figure 8 from September 19, 1969. 
The smallest value of the amplitude N t occurs when is the largest. From this we can conclude 
that there Is a time dependent source of gravity waves. The curve of electron content corresponds 
to the summer months. The minimum occurs appreciably earlier than in winter, and the increases 
and decreases are not so steep. Moreover, the difference in electron content from day to night is 
not as large as in winter. 

The next two examples in connection with the previous examples leads one to suspect that 
there is no preference for a given spectral line. In Figure 9 from October 9, 1969, there are 
three (four) specific periods whereas in Figure 10 from November 12, 1969, there are two closely 
spaced spectral lines again) t a background of continuous spectrum, in Figure 11 from November 13, 
1969, one can see a nearly harmonic frequency relation of the wave part of the electron convent. 
Kegular wave structures are only recognizable for short time invervals. As before the electron 
content falls sharply between 16^0 and 18^0, and then remains constant for about two hours. We 
assume the cause of this is the nightly rise of the F-region (Eieemmin, 1966). Throug . the rise 
of the F-layer the electrons are moved into a region of lesser density and therefore smaller loss, 
decause of this there apparently arises a sinusoidal structure in the electron content which can¬ 
not be ascribed to a gravity wave. At this point a restriction of our analysis, which was pointed 
out in section 2, becoaes clear. Filtering and spectral analysis must be carried out in such a 
way that changes in the electron content which are part of the "normal" daily variation do not 
become part of the wave structure. This applies especially for the morning hours in which the 
electron content can have a sharp minimum. The filtering process would in this region produce 
oscillations which cannot be ascribed to atmospheric gravity waves. 

Up to now the largest wave amplitudes observed were on November 25, 1969 (see Figure 12). 
They are roughly five to seven percent of the maximum electron content. There are two distinct 
wave trains between 8 and 11 hours and between 12“*^ and 14 **^. i n Figure 13 from November 30, 1909, 
two specific harmonic frequencies again appear whose phases are such that the minimum of the 
oscillation of higher frequency falls in the maximum of tne oscillation of lower frequency and 
vice versa. The high frequency oscillation in the noon hours of December 2, 1009, (Figure 14) 
corresponds to the spectral line at about 35 minutes. A iurther line is to be expected 1 etween 
P = 76 and P = 127 minutes. 

The examples given, with the expection of two, can be considered taken under geophysically 
quiet conditions, December 16, 1969 (Figure 15) belongs to the group of geophysically distu.bcd 
days as well as December 25, 1968, and November 30, 1969. The constancy of geophysical conditions 
led to the analysis of only 24 hours in each case. In two cases (November 2-5, 1969, ,.nd November 
16-19, 1969) periods of four days were analyzed for the spectral frequency distribution. The re¬ 
spective spectra show 7 and H significant spectral lines. Thir is obviously a sign that no pre¬ 
ferred f equencies exist in the ionosphere. To date 117 days have been analyzed. From the spectra 
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th« rata of occurrence nt onei 1 Jetion* of (Iran poriod )’ wan obtained. Kigure U> shown the rooultn, 
The rate of occurrence N li< plotted as a function of i'. The shaded bars correspond to the signi¬ 
ficant spectral liner. If the linen ere nlno included which lie in the neighborhood of the confi¬ 
dence 1 nit, then H O') in increased by the unshaded bars. 

A connection between the geomagnetic index Ap and the spectral distribution of relative 
amplitude A O') in the spectra could not be verified since the data for Much an analysis is not 
suffic ient. 

9. UlNCbUblOM 

Continuous obssrvstlons of the electron content of the ionosphere exhibit oscillations 
which cen bu explelnud as atmospheric gravity waves, brevity waves are a regular occurrence, at 
least in .he F-region of the Ionosphere. The Method given encompasses the oscillation period in¬ 
terval from five minutes to several hours. Since the oscillations are presented in analog form, 

It is very easy to carry out a spectral analysis. A chain of observing stations will in the fu¬ 
ture obtain information on the horicontal wave vector, which will make a quantitative analysis 


possible 

. that 

Is the 

next 

goal of 

this work. 
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Figure 1: Faraday rotation record, December 2, 1069, Lindau/Hara. Vino scale from left to right. 
One sawtooth is equivalent to a rotation of 180°. Superimposed are sinusoidal oscilla¬ 
tions which are related to atnospheric gravity waves. 



Figure 2< Total electron content N t during December 1969. in arbitrary unite. Oscillations 
occur regularly. 
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Figure 3i Numerical filter, consisting of NF * 27 coefficients. Response R versus frequency f 
and period P. The filter opens for a period P = 180 minutes. The 3 dB point lies at 
P * 135 ninutes, and the filter is fully opon, i.e, H (f) » 1, at P = 120 minutes. 
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Figure 4: Data of DeceaLer 19, 1968. Left hand, lower part: electron content N t , aeasured curve 
ae a oolld line, waoothed curve is dotted. Left hand, upper part: high frequency 
part N* of the electron content as obtained by scans of filtering, riight hand: power 
apectrds of NRelative amplitude A versus period 9. The 90 % confidence liaits are 
given by error bars. 
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Figure S: Data of Ueceaber 25, 1960. 




























Figure 11: Data of Novaiber 13, 11169. 
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Flftir* 18: 



The rote of occurrence N of given poriod P as function of P. Tbo shaded bars corre¬ 
spond to the significant apoctral linaa. If tha linaa are alao included which lie in 
tha neighborhood of the confidence Halt, than N (P) is increased by the unshaded bare. 
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CCMPARAISON DES CALCULS tT DCS OBSERVATIONS PORTANT SUR LE COtPOR'JTMtNT 
DE L' OM)Ii DE CHOC ENGENDREE PAR L’KS EXPLOSIONS NUCLEAIRES !JE L'ORDRE DE 
PLUSIEUPS KILOTONNES, PRQDUITE5 AU VOiSINAGE DU SOL. 


par 

D.P. Konellakos et R.A. Nelson 


SaflAIRE 


On fait dee comparaiscne entre les rSsultats de calculs tydrodynamiques numeriques de 
la propagation, a travers 1'ionosphere, de fronts de choc produits par des explosions nucleaires 
au voisinage du sol, et les donnees fournies par l'observation des perturbations ionosnheriques 
lifces d ces fronts de choc, Le hut de ces ccoparaisons est de prouver la validite des calculs 
hydrodynamiques numfinques aux altitudes ionosphfriques. 

On a pu situer l'onde de choc dana l'intervalle d'altitude compris entre 100 et 225 km 
grfice a une reduction a l'altitude reelle des hauteurs d'ionograamea obtenua en incidence verti- 
cale d l'aide d'ionosondes situS.s d 10 km environ du lieu des explosions. Pour effectuer les cal¬ 
culs nun£riques de la propagation ascendante de l'onde de choc, on a utilistf le code hydrodynami- 
que SHELL originellement mis au point a la "General Atomic", 

Les valeurs expSrimentales ent ete obtenues d partir des ionogrammes correspondant aux 
experiences D et E de la s6rie de tests riuclSaires BUbTfR-JANGLE effectu£e en 1051. Les points 
exp£rimentaux et les courbes thecriquer montrent clairement tous deux une acceleration du front, 
d'onde de choc au-deasus de 100 km d'altitude, Les valeurs obtenues d'une part exp£rimentalesnent, 
d'autre part grSce aux calculs, concordent a quelques kilometres prds pour 1c front d'onde de choc 
primaire, bien que l'on ne connaisse pas les parsoctres atmospheriques exacts au moment des essais, 

L'expos 6 sera suivi d'un petit film de 16 ran montrent les perturbations ionospheriques ob- 
servees d Kusaie (aur l'equateur magnetique) a la suite d'une forte explosion nucieaire de faible 
altitude ayant eu lieu d 7**0 km au nord de ce point. 
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FROM MULTIKILOTON, NEAR -SU RFACE NUCLEAR EXPLOSION S * 


Demetri P. Kanoilakos and Raymond A. Nelson 
Radio Physics Laboratory 
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SUMMARY 


Comparisons are made between numerical hydrodynamic calculations of the propagation through the 
ionosphere of shock fronts arising from near-surface nuclear explosions and experimental observations 
of the ionospheric disturbances associated with these shock fronts. The purpose of these comparisons 
is to provide a test of the validity of numerical hydrodynamic calculations at ionospheric heights. 

The location of the shock wave in the height range from 100 to 225 kro was obtained from true-height 
reduction of vertical-incidence ionograms obtained by ionosonde3 situated about 10 km from the location 
of the explosions. Numerical calculations of the upward propagation of the shock wave were made using 
the SHELL hydrodynamic code that was originally developed at General Atomic. 

Experimental values were obtained from ionograms taken for the Dog and Easy events of the 1951 
BUSTER-JANGLE nuclear test series. Both the experimental points and the theoretical curves clearly 
show an acceleration of the shock front at altitudes above 100 km. There is agreement between experimental 
and calculated values to within a few km for the primary shock front in spite of a lack of knowledge of 
the exact atmospheric parameters at the times of the tests. 

A brief 16-mm film will be prsscnted, showing ionospheric disturbances at Kusale (on the magnetic 
equator) following a large, low-altitude nuclear explosion 740 km to the north. 

1. INTRODUCTION 

When a nuclear detonation takes place in the earth's atmosphere, a shock wave propagates outward from 
the point of detonation. Initially, this shock wave weakens rapidly due to geometric spreading and dis¬ 
sipative processes in the shock front, but the portion of the shock wave that propagates nearly vertically 
upward weakens less rapidly than the rest of the wave because of the nearly exponential decrease in atmos¬ 
pheric density with increasing altitude. At later times, when the effect of geometric spreading is greatly 
reduced, the portion of the wave that propagates upward from a near-surface burst can actually Increase in 
strength (Mach number) at ionospheric heights. The progress of this shock wave through the ionosphere can 
be detected by means of an lonosonde. 

Calculations of the progress of this shock wave in a realistic atmosphere can be made on a high-speed 
computer using the SHELL code (GREENE, J. S., Jr., end WHITAKER, W. A., 1968). 

Late-time effects for a number of yields and altitudes (below 30 km) have been studied, using the 
SHELL code. As an example of the calculations that have been made, two plots of relative pressure for a 
4-MT sea-level burst are reproduced in Figure 1 (GREENE, J. S., Jr., and WHITAKER, W. A., 1968). 

Figure 1(a) shows that the primary shock front has reached about 133 km height directly above the ex¬ 
plosion point 300 sec after the burst time. By 400 sec [figure 1(b)] the primary shock has moved to 
about 245 km, and a secondary disturbance is clearly evident between 100 and 120 km. In addition, the 
primary shock front has become bell-shaped. 

As a check on the validity of making such hydrodynamic calculations at ionospheric heights, comparisons 
are made with experimental data obtained from the BUSTER-JANGLE nuclear test series, which was conducted in 
Nevada during 1951 (DANIELS, F. B., and HARRIS, A. K., 1951).^ Daniels and Harris have made observations 
of this type on a number of nuclear tests (DANIELS, F. B., and HARRIS, A. K., 1958; DANIELS, F. B., et al., 
1960). 


* The work reported in this paper was supported by the Advanced Research Projects Agency of the Department 
of Defense under Air Force Contracts F33657-68-C-1147 and F33657-70-C-0090. 

^ We wish to thank these authors for lending us their original records. 
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2. COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS 
2.1 DOG Event 

The Dog event of the BUSIER-JANGLE nuclear test series was a rrultlklloton explosion that took place 
on 1 November 1951 at 0730 local time at an altitude of approximately 430 m. It was an air burst over 
Nevada where the ground elevation Is approximately 1300 m above sea level. Observations of the shock- 
induced Ionospheric disturbances were made by a vertical-incidence ionosonde located roughly 10 km south 
of the place of detonation. 

Figure 2 presents selected i. nograms for the Dog event showing the undisturbed Ionosphere and the 
arrival and propagation of the primary shock front and a secondary disturbance. The first ionogram in 
this figure was taken approximately 15 min before the time of the detonation, T ol (at -15:00).* Both 
ordinary- and extraordinary-ray traces are visible for the F region. The second ionogram was taken after 
To but before the shock wave had arrived at ionospheric heights. On the remaining ionograms, arrows 
indicate the location and time of the disturbance produced by shock waves. Cusps in the F-layer traces 
(beginning with the +6:54 ionogram) are Indicated by solid arrows for the primary shock and dashed arrows 
for the secondary disturbance; cusps in the trace for the ordinary ray are indicated by an O and cusps in 
the extraordinary-ray trace are indicated by an X. 

At +5:31 the first evidence of the shock wave is given by the second echo front the E region, as shown 
in the third ionogram of Figure 2(a). Ihe E-reglon disturbance broadens and moves to higher altitudes in 
the next two ionograms. At +6:54 the shock arrived at the F region, as indicated by a new cusp at 3 MHz. 
On succeeding ionograms new cusps are seen on both ordinary and extraordinary traces as the primary shock 
moves up through the F region. The secondary disturbance is first seen at 7:54 on the last ionogram of 
Figure 2(a). Both disturbances are seen to move through the F layer in the lonogramB of Figure 2(b). 
True-helght curves for selected ionograms of the Dog event are shown in Figure 3. Comparison of the data 
using ordinary- and extraordinary-ray cusps to obtain the plasma frequency (and thereby the true height) 
at the shock front are given in Table 1. It is to be noted that there is generally good agreement between 
the ordinary frequency, fo, at the disturbance, and the equivalent frequency (fx2 - fxfH)i ol ,ined from 
the extraordln. ry frequency, fx, at the disturbance. 


Table 1 

COMPARISON OF IONOGRAM CUSP FREQUENCY FROM ORDINARY RAY 
WITH EQUIVALENT FREQUENCY DERIVED FROM EXTRAORDINARY RAY FOR DOG EVENT 
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T 1 m «0 are given in minute* and seconds before the detonation (-) and after the detonation (+). 










Figure 4 presents a comparlso >f the theoretical and experimental positions of the two fronts as - 

function of time for the Dog event. Hiere is rather good agreement for the primary shock, with relative ’" 

poor agreement for the secondary disturbance. 

2.2 Event Easy 

The Eaay event of the BUSTER-JANGLE series was also a multikiloton explosion, and took place on 
5 November 1951 at 0830 local time at an altitude of about 400 m. 

Selected vertical-incidence ionograms taken during the Easy test are shown in Figure 5. Some of the 
relevant true-height-reduction curves are presented in Figure 6. 

Analysis of the Easy ionograms parallels exactly the analysis of the Dog event. The first two iono¬ 
grams of Figure 5(a) wore taken before the primary shock wave reached the ionosphere. E-reglon perturbations 
are seen on the next two ionograms. On the remaining ionograms of Figure 5(e) the primary disturbance is 
observed in the F region on the <ivdinary-ray trece only at ;6:42 and +6:50, and then on both ordinary- and 

extraordinary-ray traces in the remaining ionograms. Propagation upward of both the primary and secondary 

disturbances is observed in Figure 5(b). True-height curves for several ionograms of the Easy event are 
shown in Figure 6. 

The frequency of the cusp caused by the shock waves in the ordinary ray is compared with the correspond¬ 
ing frequency derived from the cusp in the trace for extraordinary ray in Table 2. In Figure 7 a comparison 
is made of the theoretical ar.d experimental positions of the primary and secondary fronts. The agreement 
for the primary front Is not as good S3 for the Dog event, ar.d there Is poor agreement for the secondary 
front. Parametric studies Indicate that the discrepancy between the observations and the calculations 
cannot be attributed entirely to an inadequate knowledge of the temperature profile of the atmosphere 
above the Event Easy, or to the cell sizes used in the numerical calculations. Perhaps the accuracy 
which may be attributed to the interpretation of the ionosonde data should be reconsidered. 


Table 2 

COMPARISON OF I0N0GRAM CUSP FREQUENCY FROM ORDINARY RAY 
WITH EQUIVALENT FREQUENCY DERIVED FROM EXTRAORDINARY RAY FOR EASY EVENT 




Primary 

Disturbines 




Secondary 

Disturbance 


Local 

Time 

fo cusp 
(MHz) 

fx cusp 
(MHz) 

2 4 

(f:: -fxfH) 

(MHz) 

? 4 

fo-(fx -fxfH) 
(MHz) 

Local 

Time 

fo cusp 
(MHz) 

fx cusp 
(MHz) 

2 4 

(fx -fxfH) 
(MHz) 

2 4 

fo-(fx -fxfH) 

N (MHz) 

6:57 

3.8 

4.5 

3.72 

+0.08 


1 




7:06 

4.1 

4.8 

4.03 

+0.07 


1 




7:21 

4.6 

5.2 

4.43 

+0.17 


■ 

1 



7: 36 

5.4 

6.0 

5.24 

+0.16 


■ 




7:51 

6.4 


6.35 

+0,05 

7:50 


1 | 

3.31 

- 0.01 



1 



8:05 



3.62 

+0.08 






8:20 

4.0 

4.8 

4.03 

-0.03 






8:36 


5.1 

4.33 

+0.07 






9:06 


6 2 

5.44 

+0.16 






9:37 


7.8 

7.06 

+0.04 


3. CONCLUSION 

It la concluded that numerical hydrodynamic calculations can provide a valid representation of shock¬ 
wave-propagation at lonoapherlc heights. 
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FIGURE 5(a) SELECTED IONOGRAMS FOR EASY EVf^T 0? BUSTER-JANGLE SERIES 



FIGURE 5(b) SELECTED IONOGRAMS TOR EASY EVENT OF DUSTER-JANGLE SERIES 
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.Discussions on the papers presenter in session 11 

(Coupling between the ionized atmosphere and tne neutral atmosphere disturbed by acoustic gravity waves) 

Discussion on paper 13 i "Justification for the use of Hinea Asymptotic relations for traveling ionosphe¬ 
ric disturbances* by f.J.F, CHAHO, 

Dr. C.H, LIU i Could you caauent on the filtering effecte of the lousy mechanism T 

Dr. It. CHASO i The technique described in my paper neglects losses of any kind, so I do not feel that I 

can cement on the filtering effecte of loeeee at thie time. However the predominance of gravi¬ 

ty waves with 20 minute periods in agreement with that predicted by my simple analysis would lead me to 
believe that the neglect of losses in the current analysis is justified. 

Dr. J. KL08TERHEYER i The observational results given by lO.oetermeyer (1969) for 12/13 February 1961 seem 
to be doubtfuk As has been chovn by IQcstemeyer (Humerical calculation of gravity wave propagation in a 
realistic thermosphere, JASP. 19?2| in press), no agreement, could be found with full wave solutions of 
the hydrodynamic aquations. 

Dr. H. CHAHO i I agree with Dr. Kloateraeyer'a comments on the 12/13 February event. I can only add ihat, 

had thie event been excluded, the lest colvsan in table 1 would indicate that every event considered bed 

9 k propagation angle near the a a rim v aa permitted• 

Dr. K. DAVIES t The effecte of neutral winds are crucial to the propagation of gravity waves because the 
horisontal trace speed of the vevee is comparable with the wind speed. While a uniform honaortal wind 
does not affect thi direction of propagation, it affects the frequences seen by an observer moving with 
the medii*. This has the effect of altering the effective Brunt-V*is*la frequency as observed on the ground. 
For example, there is abundant evidence in the literature that the lowest cut-off period t for gravity 
waves is near 5 min. For a ntationary atmosphere this cut-off would be the Brunt-Vaisala period t b vich is 
about 15 min. in the F. region. Taking the horizontal speed V fa as 150 m/sec we find that the maximum wind 
speed U is l T 

v " V u (1 - ■ 100 m/sec, 

Dr. CHAHO : There is no question that winds can have a major effect on the propagation of internal gravi¬ 
ty waves and indeed if F-region wind profiles were available, winds can easily be included in my analyais. 
However, provided that the horizontal winds do not axcood the horisontal trees speed (Doppl«r 
□uencies elvers non-iero end positive), my conclusion regarding the asymptotic behavior of internal gya- 
vUy wl^rHiU rlin uiM even if wind, are included. This follow, since under the abo^ condition 
winds and temperature have a similar effect on the propagation of the gravity waves, Hence the 
a horiiontal wind field can be included in a modified temperature profile. The new tmsperature profile will 
L£r ^“«rv.e .hewn in figure 2, but the proximity of ♦ to in the thermosphere will remain. 

Discussion on paper Ik : "Full wave calculations of electron density perturbations caused by atmospheric 
gravity vaves tr. the Vg layer" by J. KUJSTEPMKYH?, 

J. TESTUD s Le progris qu'spporte le calcul de Kloateraeyer (sur 1*interaction onde de graritS-ionisation 
knslarfiiw K consirte « c. que 1'auteur ti.rt ccmpte de 1-influence «n retour de. 

1'ionisation sur la propagation de l'onde de gravit« qjii los a provoquSes. Cet effrt avait 6tt n«glig6 par 
las Dr<c*dents auteurs. Cependaut, dans sa communication Klestermeyer n a p*« presents dc ccmpareison en- 
t« effet e.t pri. en compte, et d.s r«.ult.ts oil cet effet est nSglig< , 

de*,ortequii l^on aduial d appr«cier 1'importance r«elle de cet effrt. Nous lui suggdron. d'effectuer une 
telle ccmparaison. 

Dr. KLOOTEHHEYER : The coupling of gravity wave induced ion density variation, to the v.ve J* 

determined by the wave induced perturbation of the neutral-ion collision frequency, v , which is roughly 
proportional to rti . The effect of this coupling can be estimated by comparing theiondrag term 
w TL - u.J being normally included into the equation of neutral gas motion with the ]*** \ Jf8r' B si8i- 
vfiicFmus^ie added in the presence of neutral background winds. The oecond term has the same orfBr msJHi 
tude as the first one and may even be larger. Therefore it cannot be neglected if tbe effect of ion drag 
be properly taken into account. This is true especially for vaves with periods of about 1 hour and 
more, becauss then ion drag is the moet effective dissipative process. 

Discussion on paper 15 i "Atmospheric pressure wave, at Brisbane ai’d their association with certain iono¬ 
spheric and solar events", by 0,0, BOWMAH, 

Dr. 0. SllLKZ : The sxmple (Fig. 1) of the record, of A&W. in Brisbane ic much like what we get in 
Hamburg with an array microbarographs. Especially the "night time - fipe weather cases 
d£ted AOWs in tropospheric low-level cor ground based ducts (temperature inversions) 

ditions nearly always are formed. I think that the AOV effect (origin and propagation) then might be con¬ 
fined only to the lowest atmospheric layers, _ 



< 1 -: 

Dr. P.L. (HCOROR oo behalf of 0. BONHAM : I would agrss that the locally ob*erred AOW effects acy be tri¬ 
dent largely in the lower atmospheric layer*. I would suggest that Dr. Bowman has presented considerable 
orjdenee for the association of local AOHs not associated with frontal actieities with ionospheric effects 
«t reeote locations in the sub-auroral regions. 

Dr. C. WIL80B s Was an array of Microphones used so that you could be sure the pressure fluctuations were 
due to propegeting wares T 

Dr. P.L. OEOPOE t 1 think only single Microphones were used at various latitudes. 

Dr. K, DAVIES : The observations of Dr, Bowman suggest that the correlation between gravity waves and 

spread F way be the result of ionospheric heating. Observations at Boulder show that spread F is nearly 
alwsye produced by heating of the F region with a powerful transmitter (50 megawatts) on a frequency near 

the F2 ordinary wave critical frequency (Utlaut W.F. 1970, J.O.R, Bov,), 


Discussion on payer 16 : "Median scale travelling ionospheric disturbances attributed to unstable tropo- 
pause winds at aid latitude", by G.B, OOE, 

Prof. R.K, COOK t When the jet stream blows over the eastern seaboard of the U.8.A, it appears to oscillate 
(vertically) and generate acoustic gravity waves having oscillation periods 300-600 sec. These waves sure 
observable at an infraaonic station having its microphones at ground level f and have a very substantial 
pressure amplitude of about 10 K/m2. May I suggest that the jet stream oscillation* might radiate acoustic 
gravity waves propagating upwards toward the ionosphere, and that it would he worthwhile to look for io¬ 
nospheric notions particularly when the jet stream blows in the neighborhood of the reflection area for 
the electromagnetic probing waves. 

Dr, C. LERFALD on behalf of G, 30E : I agree wholeheartedly with your suggestion that it would ba worth¬ 
while to investigate the relationship between jet stream activity and ionospheric motions, A systematic 
study involving infraaonic sensors and ionospheric UP Doppler sounders is being started at Boulder and 
hopefully some useful data will be obtained before long, 

Ik. K. DAVIES : 1,- This subject of ionospheric disturbances and weather is one that deserves to be pur¬ 
sued and the present paper is a step in the right direction. 

2,- In looking for correlations between weather and gravity wave effects in the ionosphere 
it should be remembered that gravity waves do not travel vertically. Thus one should look at the ionosphe¬ 
re a distance of perhaps a 1 000 km. from the source, 

Q-. 0. LERFALD : The propagation path by which an AOW travels from the troposphere to ionospheric heights, 
will depend to a great extent on the vertical wind profile it encounters at intervening heights. It is no 
doubt possible that energy from a specific source point could arrive at the ionosphere as far as 1 000 km. 
away from the overhead point, but I would think a displacement of a few hundred kms, to be more typical. 

The localization of a plausible AGW source from tropopause wind maps also has uncertainties of the order 
of hundreds of kilometers and the limitations imposed by having only two maps available per day. The 
implication I meant to give by saying that ionospheric effect* may be localized is that one might expect 
them to be largely caused by jet stream sources within about 500 kn of the ionospheric measurement point. 


Discussion on paper 17 : "Generation of anomalous ionospheric oscillations by thunderstorms". by C.A. MOO 
and A.Do PIERCS, " " 


Dr, C.H. LIU : I shall make a comment on the idea of resonant wave interaction. In the acoustic-gravity 
wave case, the conservation of u and the real part of T can be satisfied, but the imaginery part of lc 
can not satisfy the resonant condition. Of course, your computation did not really use the wave-wave in¬ 
teraction approach. 

Dm, Ch. MOO : The model here presented is concerned with the weak emission of acoustic wave by the non 
linear interaction of gravity wave velocity fields confined to a finite volume. The dynamical theory of 
wave-wave interaction as, for example, presently employed in upper ocean wave theory, is not used. There 
are common ideas, however, which follow from the geometrical structure of the dispersion equation. 

Dr. K. DAVIES : 1.- The spectra of ionospheric disturbances generally contain two peaks. One peak has a 
period near 4, 6 min the other around 3, 5 min. The acoustic cut-off period of the tropopause over 
Oklahoma during 1969 and 1970 it 4, 6 ± 0,1 min. Any acceptable theory must explain these two peaks, 

2.- In 1970 spaced transmitter measurements in Oklahoma City were used to locate the sour¬ 
ces. Good agreement was found between the calculated pi ”rce positions and the thunderstorm positions given 
by weather radar records. 

Dr. Ch. MOO : Using the model of generation we propose the acoustic wave frequency is the sub of two gra¬ 
vity wave frequencies. Generally a severe weather system has several convective cells which might generate 
internal wavee with different frequencies, so that any acoustic vaves generated by interaction of gravity 
wave fields would have multiple frequencies, I think calculation of source positions, by for example ray 
tracing, can only give the general effective Bource region, since usually ve have only average ideas of 
the temperature and wind profiles, especially in the mesosphere and thermosphere, to make the calculations. 

Dr. G, 8TILKE : We hare several years of continuous records of micropressure variations in Hamburg with an 
array of microbarographs, With most thunderstorms we get nearly sinusoidal pressure oscillations with pe- 
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riods of several minutes, superimposed on tha longer pressure change a. 

Dv. Ch, MOO : Wa would vary auch appreciate receiving copiaa of tha microbarograma shoving tha praaaura 
oscillations in pariod ranga of minutes, In records I have seen, thaaa oacillationa are frequently aup- 
prasaad by tha large praeiure change a of frontal activity. 

Prof. H, VOLLAHL i The limited bandwith of infraaound vavea with periods between about 2 and 5 min obser¬ 
ved at F2 layer heights can be explained alternatively by tha filtering effect of the thermosphere, fil¬ 
tering out on the one hand vertically propagating vavea beyond tha acoustic cut-off frequency and on the 
other hand high frequency vavea due to dissipation affects according to molecular viscosity, This high 
frequency cut-off period is proportional to n/p where n ia the coefficient of viscosity and p the mean 
pressure. Therefore the period increases with height and has reached about 2 min at F2 layer heights. 
These vave periods between 2 and 5 min ere expected only in that height range. (Volland, "Attenuation of 
acoustic-gravity vavea within the thermosphere" Forechungsbericht der Astroncmischen Institut der 
Uni vers it It Bonn, Nr. It/69, 'torn, 1969 .) 

Dr. Ch. MOD : A similar suggestion of filtering was also msde by Oaorges ( 1968 ), However, since this pass 
band varies vith height in the ionosphere, I find it hard to believe the. the relatively high Q of the 
ionospheric oacillationa at all HF radio reflection heights is due to filtering. The quaai-tnow>chroa*tic 
nature of the oacillationa must be characteristic of the source in the troposphere. 


Discussion on neper 18 : "A phenomenological investigation of amplitude and spectra of gravity waves" 
by P.J. 3CKQDIX. 


Dr. K. DAVIES 1 Tha spectrum of gravity vavea, as observed by total content measurements, is affected by 
the direction of the ray path vith respect to the magnetic field. This has been shown by Georges and Hooke, 
Would you please comment on this as it affacts the spectra of the Lindau measurements. 

Dr. J, 8CH0DEL : Computations show that the measurements in Lindau/Harz are not affected. 


General Discussion 


Dr ,Ch .WILSON : I would like to suggest that it is important to relate the observation of TID’s to spe¬ 
cific ’auroral substorms to test the ideas of C, Hines, W, Blumen and Chimonan that either Lorentz force 
or Joule heat loss in auroral electrojets will generate gravity waves. If auroral data are not available 
then the magnetic index AS should be used because this is the best magnetic indication of auroral sub¬ 
storm activity. 

Dr .J), NIELSON : Regarding the coupling of the neutral and ionic gases during the passage of a gravity 
wave, there are quite definitive observations available from the 1962 U S Nuclear test series. The data 
are in the form of vertical and oblique incidence ionograms from equipment especially distributed for the 
tests, A very consistent picture of the effects on the ion gas of the neutral vave emerges from these da¬ 
ta. wbile the published data from these tests does not adequately provide the detailed scaling that would 
make a test of theory convenient, any coupling theory or scaling relation must be consistent with tbe ge¬ 
neral empirical picture as presented in Kef 1 and 2. That is that equatorvard-directed waves produce a 
decrease in layer critical frequency during the first half cycle whereas poleward vaveB produce an in¬ 
crease. The changes are at times substantial vith decreases as much as a factor of two in critical fre¬ 
quency and increases both north of the buret and south of the equator as much as 4 or 5 times, Thus the 
vave effects are very clear and offer observational data on vertical, geographical, and temporal varia¬ 
tions, More on this will be shown later. 

Ref. 1 : Lomax and Nielson, J.A.T.P,, vol, 30, P.F. 1033-1050 ( 1966 ), 

Ref. 2 : Konellakoe, AGARD PROCEEDINGS N, 33, "Phase and Frequency Instabilities", p.p. U 39 —U 53 , July 1970, 

Dr, D.p, KANELLAK0S: The emse situation is met during low-altitude explosions, as during the high alti¬ 
tude cases mentioned by Mr. NIELSON, A discussion for large yield nuclear explosions near the earth’s sur¬ 
face at the Pacific (Johnston Island) and Novaya Zemlya is given in the paper by D.P, Xaneilakes, 

("Spatial and Temporal Model of tbe T1D from a low-altitude Nuclear Explosion" pp, 439- 
452 in "Phase and Frequency Instabilities in Electromagnetic Waves Propagation” AGARD Conf, Proc, N, 43.) 

J. TE3TUD : Je suis d’ accord avec la suggestion de C. WILSON pour coaclure que 1'activity aurorale est la 
source des ondes de gravity observtes dans la rtgion F 1 doyenne latitude, il est prtftrsble de fairs des 
ttudes dttailltes aur des observations sptcif iques, plutot que des Etudes ststistiques, 

En France, on a analyst rt comment des observations mettant en jeu : 

- le soodeur £ diffusion incohtrente de St Sant in Nsnqsy qui permet l’ttude de la structure verti- 
cale dee perturbations, 

- le rtaeou ouropten d'ionosondes, qui permet d'observer la propagation horizontals, 

- lea donctes de magnttograsaes auroraux provenant de nombreuses stations aur le pourtour de l : o- 
vale auroral. 
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Dans pi.uai.aura cm, on a pu r slier daa perturbation* iono*ph 6 rique* da grande amplitude observe*# 
pendant la joura<» 4 daa SvJnements auroraux sa produiaant du cote jour. 

Dr, H, CHANG i I vould like to cmmaent on Dr. Wilson's suggestion that TID observations be related to 
apecific substorm activity. In October and November of 1969 Stanford Research Inatitute operated a spaced 
transmitter HF CW Doppler network near Homer, Alaska for this very purpose. During the 6 week observation 
period a variety of signatures, some apparently unique to high latitudes, were detected, A number of TID'e 
were also detected including 2 event* which unlike mid-latitude events were characterised by long trains 
(3 to k hours) of regular fluctuations of roughly 20 minute periods. These events arrived from the north 
and therefore may be related to auroral activity. There were, however, TID's which did not arrive from the 
north end therefore do not appear to be auroral related. In general when auroral activity over Alaska was 
high the ionosphere was highly disturbed so, even if TID's were launched from a specific substorm, we 
could not detect thma. In spite of the disturbed ionosphere over Alaska during active period I believe 
that it is possible to detect TID's launched from a apecific substorm if different probing frequencies 
were used (the Alaskan system used frequencies of about 3,0 MHz) in addition to a longer observing period. 
Independent of the above, nonever which after all occurs over only about 30 % of the observing period, a 
high latitude aito is valuable because one can readily separate the non-aurorel events from those that 
are auroral related. For the letter a plot of their arrival angle versus time of day should yield a simi¬ 
lar fraetioned relation as the direction of ray, the midnight sector of the oval with respect to the ob¬ 
server. While tbe seme could be done at mid latitudes the advantages of the high latitude sites are ob¬ 
vious. 

Dr, J, LOMAX : Dr, Bowen's paper describes a significant correlation in the occurence of gravity waves 
observed at Brisbane and of apread-F at locations with high dip latitude. Dr, Wilson's paper describes 
the generation of auroral infrasonic shock waves by motions of the auroral electrojet. These two factors 
recall to me a paper that I delivered at the AGARD meeting in Copenhagen, In that paper I presented ob¬ 
servations on the onset time of spread F in the equatorial region. On nigbta with strong spread-F activity, 
the onset time appeared to be equal to the acoustic propagation time from the termination of the equato¬ 
rial electrojet to the location at which apread-F onaat was being observed. The inference that I am making 
is tbat acoustic gravity waves may be generated by both the auroral and the equatorial electrojet*, and 
farther, that tbeae waves then act as triggers of instability mechanism that . suit in the occurence of 
spread-F at both high and lov latitudes respectively. 
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CTUDES MENUS A L'AIDE U'UN RADAR A MODULATION DL FREQUENCE 
SUR LA CREATION, PAR L'ES ONDES INTERNES, D'INSTABILITES TURRULENTES 
A L’lNTERIHJR DE COUCHES TUERMIQUIMENr STAPLES, 


par 


E.E, Gossard et J.H, Richter 


SOMAIRE 


Un recent developpement dans le danaine du Bondage radar, a rendu visible la structure 
de la troposphere 1 un degr£ qu’on n'avait pas pr feed eminent approchf, L'appareil de Bondage par 
radar eat un systAme modulation de fr£quence/onde entretenue conqu et realist par le Dr,J,K, F.ICHTU; 
(1969). 


Lea caractFr istiques lea plus oarquantes qui apparaissent dans les enregistrements sont .’.es 
ondes de gravite internee, certains traits rappelant lee structures d'instability de Kelvin/ 
Helmholtz, et lea couches multiples prSsentant frequenment dee stratifications de quelqueo mAtres 
seulement d'Spaisseur, et des cellules de convection A l'intgrieur de la couche marine (GOSSAIb, 
RICHTER et ATLAS, 1970 j GOSSARD, JEMSEM et RICHTER, 1971). 

On a fenis dee doutee considerables sur ce que le radar "voyait" reellement. 11 est evident, 
d'aprAs les enregistrements, que les images de retour proviennent des regions a gradient d'inrije de 
refraction eiev£ ; cependant, que l'echo de retour soit une rStrodiffUsion sur une zone mince d* tur¬ 
bulence intense de petite £chelle ou bien qu'il comprenne une reflexion coherente part idle str des 
couches A fort gradient d'indice de refraction, reste A determiner. 

Les auteurs de I'expose pr£sentent toute une gaome de configurations structurales atmoiphe- 
riques, et les comparent A plusieurs modiies hypothetiques de structures d'ondes internes pour t ieux 
conprendre lea processus atmospheriques en action. Ils cons acre nt une attention particuliArc Alt 
repartition du Noobre de Richardson dans les ondes de gravite piAgAes et non piegees, Ils conclu snt 
que lea couchea multiples proviennent d'ondes de gravite internes non piegAes, dont le vectcur du 
propagation suit une direction presque verticale a l'intSrieur de regions eievees tree stables, it 
que les couches sont creees par une instability de Keivin/Helmholtz resultant d'une reduction du 
Hoabre de Richardson sous l'influence d'un accroissement du rapport amplitude/longueur d'onde au fur 
et A meaure que les ondes se propagent pour pAnAtrer dans des regions eievees thermiquement stab.es 
de 1'atmoaphAre. 


r 
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ABSTRACT 


A recent development in radar sounding has made the detailed structure of the troposphere visible to 
a degree previously not approachable, The radar sounder is an FM/CW system designed and built by 
Dr. J. H. RICHTER (1969). 

The most outstanding features evident in the records are internal gravity waves, features -esembling 
Kelvin/HeLmholtz instability structures, multiple layering often displaying lamina only a few meters 
thick, and convection cells within the marine layer (GOSSARD, RICHTER and ATLAS, 1970; GOSSARD, JENSEN and 
RICHTER, 1971). 

Considerable doubt has existed as to Just what the radar is "seeing." It is evident from the 
records that the returns come from regions of large refractive index gradient, but whether the return is 
backscatter from a thin region of intense, small scale turbulence (either "fossil" or mechanical) or 
whether it may include coherent partial reflection from gradient layers of refractive index remains a 
question. 

This paper shows a variety of atmospheric structural patterns and compare; them with several hypo¬ 
thetical models of internal wave structures to obtain more ir.sight into the atmospheric processes at 
work. Special attention is given to the distribution of Richardson's Number in trapped and untrapped 
gravity waves. It is concluded that the multiple layers result from untrapped internal gravity waves, 
whose propagation vector is directed nearly vertically within very stable height regions. The layers are 
concluded to be caused by Kelvin/Helmholtz instability resulting from reduction in Richardson's Number 
due to growth of the amplitude-to-wavelength ratio as the waves propagate into thermally BtBble height 
regions of the atmosphere. 

1. INTRODUCTION 

Radar pictures of the structure of the clear atmosphere reveal many patterns suggestive of some kind 
of dynamic instability. They provide fundamental new information about the manner in which turbulence in 
the atmosphere is created and the role played by thermal stratification in fluid dynamics. 

Correct interpretation of the radar patterns in terms of atmospheric motion and structure is neces¬ 
sary in order to make radar sounding an effective tool in weather forecasting. The proper interpretation 
of many patterns seen, and even the precise mechanism for reflection (or scattering) of the radar waves, 
remains in doubt. It is the purpose of this paper to extend an earlier analysis (GOSSARD, JENSEN and 
RICHTER, 1971)(hereafter referred to as GJR), to include effects of finite amplitude and compressibility 
in the medium. In the earlier analysis GJR proposed that the mechanism fir generating and maintaining 
thin regions of intense, small scale turbulence within thermally stable layers was tl ■ propagating 
upwards or downwards of untrapped gravity waves. They analyzed the distribution of R-chardson's Number 
through internal waves in terms of wave structures seen by a special high resolution radar sounder 
(RICHTER, 1969). 

Only the case of infinitesimally small amplitude perturbations was considered by GJR in the analysis. 
Furthermore, it was pointed out that, th" perturbation wave equations are linear in the variables 

p(z)Ki, p(z)z(u, v, w) and p(z)~^p but they ignored the dependence of density, p, on height, z, when 
computing the distribution of Richardson's Number within the ware. In their notation u, v, w are the 
x, y, z components of perturbed velocity, d is amplitude of parcel displacement and p is pressure 
perturbation. As they stated, the neglect of the height dependence of p(z) ii permissible when the 
Inverse scale height, x = -p~‘dp/dz = g/c ! , Is negligible compared with the inverse vertical scale, or 
skin depth, of the wave system. In other words, their analysis was applicable to the usual wave systems 
aean by the radar which are confined to relatively thin height ranges in the troposphere in the neighbor¬ 
hood of temperature inversions. 

It is the purpose of the present paper to extend the eailier analysis to the case of finite ampli¬ 
tude and to examine (l) the shape of the isotherms (and refractive index isopleths); (?) examine the 
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effect of neglecting the height dependence of p(z> when taking the height dorlvetlven required in the 
calculation of wavs .“.ichardeon'« Number. 

Specifically, the shape of the isotherms corresponding to Frame III of Figure 3 in the GJR paper 
is computed in order to consider the question of whether the radar is "seeing" isopleths of perturbed 
refractive index within a height gradient or some passive trace constituent carried with the displaced 
parcel (e.g., fossil turbulence). Furthermore, the Richardson's Number within the stable layer is re¬ 
calculated for a hypothetical case in which the atmospheric scale height is not large compared with the 
vertical scale of the wave system. 

FINITE AMPLITUDE VAVttS 

One classical approach to finite amplitude theory 1 b the method of successive approximations in 
which a nonlinear wave equation is made linear by substitution of i lower order solution in the nonlinear 
terms and solved. Equations corresponding to successively higher order solutions result. The sum of the 
solutions describes finite smplitude effects as long as kn Is small, where k la horizontal component of 
wave number and n is parcel displacement. The lowest order of differential equation is linear with the 
usual small amplitude solution. This solution is introduced into the nonlinear, next higher order 
equation, etc. The method is well described and illustrated by THORPT (1968, page 579). For an incom¬ 
pressible fluid, the method is fairly convenient. The most practical fora of the wave equation is the 
vorticity equation in the stream function x and density, p. The form of finite amplitude solution which 
results from this approach will be derived here assuaing an incompressible fluid and a first order wave 
perturbation of the form Xi “ to* (kx+nz-ot), Pj * p Q cos (kx * nz - Ot) for unbounded waves. The 

velocity perturbations, u, w » 3x/3z, The solution desired is for the displacement, i, of the 

surfaces of equal density in a stably stratified fluid. For infinitesimally small amplitude, the 
solutions for both x end n ate sinusoidal in both x and z. 

The vorticity equation is (see. for example, THORPE, 1968): 
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P Q U) 3x 


( 1 ) 


and the equation of continuity for an incompressible fluid is: 

+ 3£ + w M „ 0 

dt 3t u 3x w 3s 0 
Taking x * “X, ♦ a J X 2 + «*X, ••• 

and p » p Q ♦ apj ♦ a 2 p 2 + a 3 p, ... 


where the power of a is the indicator of order of perturbation, the successively higher order solutions 
for x and p are: 



X’2 = A Xl cc, '> + n7 * t'O 

X 3 =' co; (hx ' nz -ot) + 11 ^ co. 3(kx nz - oil 
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where 
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It is evident that all the higher order perturbation terms in x are multiplied by higher order derivatives 
of the unperturbed density profile. Therefore, if p (z) is linear with height, or perhaps exponential 
with a large scale depth, x^dnd therefore the velocity field) is little affected by nonlinearity in the 
equations of motion. 

Our main concern lies with the displacement of the density surfaces, because the same reasoning 
applies to the displacement of potential temperature and of refrrctive index surfaces. Expanding the 
the density in a Taylor's series the displacement, 6, of a surface of constant density is determined by 


p(z + 6) = const 
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plus term* which arc products of d 2 p /dz 2 or higher order. Jf p (z) in exponential, note that 

d*f. /d* k - (N 2 /*.) k , , 


fl~A\: N- ' I ^ 

n 1 1. v ( ( T ) "r'o • 


for sji incompressible|fluid (see ECKAR’f, i960). The above approach to the problem of nonlinear effects 
Is laborious and the physics is dhaoured by the mechanical complexity, so we consider an equivalent but 
conceptually different approach. 

Suppose we consider only equations (I*) and (2). Equation (2) yields the perturbation equation of 
continuity as: 

', dp d ^0 

aT-T* . • 


where' p and v tie the perturbed values of density and vertical velocity and p (z) .is the unperturbed 
density distribution. Noting that w = dh/'dt, where n 1 b the parcel displacement, and, integrating, we 
have 1 1 . 

d Pi.) 


P -P0 = -v 


dz 


dp = ri Po d P0 _ d»0 / oij 

dz dz 3 /. 1 '7. 


(6) 


1 d 2 p dp 0 / 

dz^ dz 1 g z 2 


(7) 


if d 2 p 0 /dz 2 is negligible. Alpo the fluctuations in density at z 0 for small wave perturbations are 
described by 

dPQ dp 0 


pu 0 ) - PqVZq) = t) r! —" do C05 < kx + n? - - ot > 


so that (6) gives 
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Dividing by l/i?(3 2 n/9z 2 ) gives an expression quadratic to this order; i.,e.. 



Expanding, using successive approximations, and assuming n = r) 0 'cos (kx + nz. - ot), we find 1 
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cos (kx ■< nz -ot)i- —nr/Qsin 2(kx + nz - Oi) 


1 (10) 

This is the same tm equation (5) to 3rd order, where terms in d 2 p 0 /dz have again been ignored, if it is 
recognized that the lst^ order isotherm displacement, 6 1( is the same as particle displacement, n. 

Two important conclusions can apparently be stated: 


A. To this order, the shape of the isnpycnals in an incompressible fluid are not apparently 
affected by nonlinearity in the equatin'.,, of motion, but only by nonlinearity resulting from higher order 
terms in the Taylor expansion. Thus, other nonlinear effects will be quite negligible compared with the 







effect on shape. The reason nonlinearity In the equations of notion la not very important can he soon 
when written In the fo»m of the vortlclty equation. (.1 ). The important roniInee-vlty 1 b in the Inertial 
terms, the second and third terms from the left. However, they cancel slnoo 


3 *i 3 ? <*X U •> '“X d , ; , 

u •-(v. 2 x) + w—• (v‘x)*U M x) ;;;; <v x> • 

<>K OX ul I<* M t. 


Thus, the stream function X " Xi X 2 + X, “ Xj t° third order, and departures from this form 

depend on second and higher derivatives of 0 o (z / of z, l.e.., velocity ;wrturbatlon:i remuln essejitialiy 
slnuaoidel. 


B. If (A) is true lor on incompressible riutd, it Implies that the Limner form of the solution for 
the compressible case (for which no comparable vortlclty equation r«i be written) can be used In the 
Taylcr expansion to achieve a valid description of the potential, temperature isotherms in a compressible 
fluid. 

The linear form of solution for displacement in a compressible fluid is 

WqM 1 ' 2 a ViPO'^O^ 2 cos (k * + nz * at ) t* * > 


for atmospheric layers in which the coefficients of the differential equations ore constant; i.a. , 
(g/9)(d0/dz) ■ N 2 “ constant, c * constant and (Spy)"' 1 dp 0 /dz + g/c 2 » T " constant. The density ar.d 
displacement amplitudes are p Qt n 0 , respectively, at a reference icveJ . 6 in potential temperature. 


Powr.it.lng (It) for isotherm displacement 


where to 1st order 
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( 12 ) 


Thus, for the compressible fluid case, an equation identical to (9) results, but n(z) and its derivatives 
now include an additional dejjendence on z through p 0 (z) -1 ' 2 according to (ll). 

The isotherm (or isopycnal) displacements for the two cases of incompressible and compressible 
1 fluids are showr. by the black curves In Figures 1 and 2, respectively. The difference in shape is 
indistinguishable to the scale shown. The model for the figures is a three-lpyer model in which the 
upper and lower fluidr have small stability and extend to infinity. The value for N 1 b cm.stent end the 
same in the upper and lower layers end greater in the middle layer. This model was discussed in detail 
by GCSSARD, JENSEN and RICHTER (1971) and these figures correspond to their frame III, figure 3. The 
eigen equation for this model, plotted in Figure 3, is: 

tan nA!i U3) 

where ' 



Note that n,^ * iy^ in a layer, k, in which the waves are evanescent. 

The important points to note are: A) the wave troughs are sharpened and crests flattened above the 
center of the stable layer. B) the wave crests are sharpened and the troughs flattened below the center 
of the stable layer. C) at the center, both crest and trough are flattened. 

For purposes of illustration, ar. amplltude-to-vertical wavelength ratio corresponding to nn = 0.75 
has been assumed in the figures. This value was chosen as not being 3& large as to make the approximate 
methods used in calculating wave shape completely invalid, while being sufficiently large that the 
changes in shape are visibly obvious. 

In addition to the three layer model, the case of untrepped waves was computed and is shown in 
Figure 1». In contrast with the trapped waves in the model above, the introduction of finite amplitude now 
leads to an assymetry in the wave shape that is reminiscent of some of the waves seen by the radar as 
shown in Figure 5- However, untrapped waves should exhibit a phase shift with height and such a phase 
shift is seldom seen by the radar. Therefore, the resemblance in shape of the waves in Figure b to the 
assyroetrlc, breaking waves seen by the radar should not be interpreted as necessarily providing the 
correct physical explanation of the waves. 
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The ( scowl sdodv v*/*u for the three layer model v«r“ *.leo computed and t,h«/ leathern diiipleoewoncr 
are shown by the thin wavy line* lit Figure 6. Vhe dlvpXnctment curve* display « pattern reminiscent. of 
the figure i»,\.ght or "eit's ey*' patterns eo often i v en by the radar ao ehown In Figure T. Once jaja.ln, 
till* .le probably fortuitous wince the patterns mean by the radar usually are Maociated with a 
breaking sequence and do not aeeui to bo typically a Heady atate phenomenon 

3. RICHARDSON'S NUMBER 

In addition to isotherm shape. the Richardson's dumber must bo considered a very Important pwn/*eter 
in the interpretation of the radar records. The gradient Bichardnon'a Number la defined &a 



and i» generally considered to be an important criterion for the onaec of vavj instability ^breaking) or 
vurbuleuce. Work by TAYLOR (1931), MILES (196.1), MILES and HOWARD (196L), and CHIMONAS (1970) indicate 
that reduction of the Richardson's Number to less than 0.*?b la a ntteartry condition for the development 
of wave instability. 


CJJR proposed that the proptgetion of untrapped gravity waves into a height region of large thermal 
stability con reduce Rj sufficiently to cause the onset of dynamic instability at the creBta or troughs 
of the waves, if some shew already exists in the propagation mediur. It is, theiefce, argued that 
many of the thin, multiple layers commonly seen by the ; rdar can be explained in terms of untrapped 
gravity waves propagating into a height region of great thermal stability aa shown schematically in 
Figure 8 As the atatl^ity increases, the wave vector tilts toward the vertical so that equiphaae 
surfaces are nearly horizontal. If the vertical energy flux is constant with height, the ratio of ampli¬ 
tude to vertical wavelength, nn 0 , will increase, reducing the (numerator of) Richardson's Number to a 
level of dynamic instability at some phase uf the wave. A record which -any be an example of this 
phenomenon is shown as Figure 9. 


From v12), 
placement n, as 


It follows that the numerator of (l 1 *) 
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can ne written in terms of the wave induced dis- 


(!S) 


la order to derive the relation between u and displacement, n, needed it. the denominator we require the 
two-dimensional equation of continuity for a compressible fluid: 
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and the 1st Law of Thermodynamics• 
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where D/Dt is the operator 3/3t V 3/3x; p, p, w, u are the perturbed pressure, density, vertical 
velocity and horizontal velocity, and P 0 , p, c are the unperturbed density, pressure and sound velocity. 
V is the unperturbed horizontal wind Bpeed. 


Eliminating p and using the hydrostatic relation 3P/3z * - P 0 8* (15) becomes 


3u 8w _B _}_ Dp 

3x + 3r7' c 2 V '”" p c 2Dt (18) 


where p is related to u by the 1st equation of motion, i.e., 
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Taking the partial of (l8) with raapeot to x we get 
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where C » a/k. If we define (u, wjp 1 ^ ■ U, W, then 
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If we return to (lfl) we get on aubstltution 
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Equationa (20) amd (21) are equationa U3ed by GOSSAJRD, RICHTER, ATLAS (1970), and GJR. They do not 
Include shear vithin the medium. Noting that w ■ Dr|/Dt and aas>mir.g C 2 < < c 2 
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For untrapped waves, a solution of the form n = n o cob (kx + nz - eft ) may be assumed. For the three- 
layer model discussed above. 
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where the subscripts 1, 2, 3 apply to the lower, middle and uprer layers respectively, and where the 
origin is chosen at the middle layer. The Richardson's Numbers in Figures 1 and 2 were calculated using 
equations (24) and (25) assuming [1*1 3/Y1 3 c l 2 “ 0.25, no o - 0.75. For Fi 6ure 1 it was assumed that 
«/c 2 « 3/3z and the effect of the height’dependence In P 0 (z) -1 ' 2 on H and its derivatives was ignored 
(incompressibility assumption). Figure 4 shows the corresponding patterns of Rp in untrapped waves, 
where Rp is represented by sloping straight lines; and Figure 6 shows patterns of Rp in 2nd mode trapped 
waves where Rp is shown by heavy lines. 

If g/c J is negligible the numerator and denominator of (2U) go to zero together as nn 0 + 1.0 at a 
limiting Rp » 0.5. Further Increase in nn D leads to negative Rp which implies that the wave can produce 
super-adiabatic gradients. This is important because it means that the wave cannot reduce Rp to the 
level of dynamic Instability, i.e., Rp * 0.25, but may, instead, produce convective instability. For the 
case of untrapped waves, this might argue that layers of convective instability and superadiabatic 
temperature gradients as proposed by 0RLANSKI and BRYAN (1969) might be observed instead of dynamically 
unstable lamina resulting from reduced Rp. However, our balloon soundings have failed to detect 








suporodiabatic temperature gradients within temperature inversion layers [RICHTER and OOSSAHD, 1970), and 
OJR pointed out that the substructure revealed by the radar within the lamina resembles the Kelvin/ 
Helmholti instabilities seen at larger scales and commonly attributed to (dynamic instability. When any 
background shear In the medium is included, it is found that the limiting Rj ■ 0.5 no longer applies and 
Rj decreases smoothly to Rj * 0.25 as nn 0 increases. We therefore propose that dynamic instability in 
untrapped wave systems, imbedded in a medium with some shear, is responsible for the creation of the 
thin layers of turbulent Instability seen by the radar within temperature inversions. 
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Fig.l Plot of R| (white curves) and wave shape (black curves) through a three-layer model wave system. Waves ; 

evanescent above and below a stable layer in which ratio of amplitude to vertical wavelength 
is 0. 7 5/2 it (i.e., nrj Q = 0.75). It is assumed that N 2 /N, } ~ 5.5, n^h/2 = 0.375 and N, 3 k/wn = 0.5 
(see text). Terms in g/c assumed negligible compared with n (i.e., incompressibP'ty condition in 
which plane wave solution assumed for i)). No shear. 
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Fig. (onditn >s me as those of Figure 1 except plane wave solution assumed for rjp 0 (z) l,,J where p 0 ~'dp ( ,/dz — 
- g J and it is assumed that g/c 2 /2n = 0.1. Note that this inclusion of compressibility makes 
virfialiv no difference in wave shape and little difference in R, even for the extreme condition assumed. 
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Fig.4 Wave shape and Rj for untrapped wave model 


assuming same conditions as in Figure 
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Fig.9 Example of record showing wavelike structures which illustrate regions of reduced Rj propagating in the 
vertical (as well as horizontal) direction with untrapped gravity waves. 
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DETECTION ET Ellrtt D'OMES DE ®AVITE A L'AIDE Dfc RADARS MICRO-ONDES 


par 


I, Katz 


SaWAIRE 


L'emploi de radar* ultrt-aensiblai a permit da ’Voir" la structure et lea mouveuents dr 
1'atmoephAre d'une faqon qui Stait autrefois impossible, Ces radars ont, entre autres, dAtectA 
la prAaenca d'ondes de g* vi t.A A la tropopause, B& outre, nous avona ru, A travers toute la tro- 
powphAre, de noeibreux exeu .< de phAnomAnes d'ondes invariablement liAa A dea couches stables. 

On a obtenu des preuves experiment ales qui moi-trent de faqon incontestable que la diffu¬ 
sion de Bragg est la cause essentielle du phAncoAne de diffusion eJ ectrcmagnAtique, On a dAcouvert 
que 1'intanaitA de signal des Achoa radar Atait une fonction licfieire de la denaitA spectrale 
(A une deni longueur d'onde radar) des fluctuations dc l'indice de refraction dans 1'atmosphAr-, 

Une Atude portent aur 26 cas d'ondes de gravit A dAtectAes au cours d'autres recherches, 
a permis de caractAriser ces ondes, A titre d'essai, en fonction de leurs dimensions, de lours 
formes, dc leur persistence et des conditions dans lesquelles elles apparaissent. On espAre que 
cette caractArisation servira de base A une Atude expArimen tele plus complete des ondes de gravitA 
a l'aide de dAtecteura radar. 
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The Detection and Study of Gravity Waves With M 3 crowm Radar 
ISADORE RAT?. 

Applied Physics Laboratory 
Johns Hopkins University 

Silver Spring, Kd., US A. 

1. Ab strac t 

The use of ultra-sensitive radars has resulted in a new ability to "see" structure and motion of the 
atmosphere not possible before. Among otisr things these radars detected gravity wa 1 ts at the tropopause. 

In addition, we have seen many examples of wave phenomena throughout the troposphere Invariably associated 
with stable layers. 

Experimental proof has been obtained which shows incontrovertible evidence t.oat Bragg scattering Is 
the prhie cause of the electromagnetic scattering phenomenon. The signa' strength of the radar echoes 
was found to he a linear function of the spectral density (ut ono-halt the radar wave length) of 
-efr ctlve index fluctuations in tho atmosphere. 

A review of 26 gravity wave cases which were detected during the‘course of other Investigations permits 
a tentative characterization of these waves In term,;, of sizes, shapes, persistence and conditions under 
which they occur. It is hoped that this characterization will provide a basis for a more complete 
experimental investigation of gravity waves with radar sensors. 

2. Introduction 

Radar has been used to detect discrete objects such as ai:craft and r?rds and also has been effective 
<n the study of precipitation. More recently hinn-pou'r microwave radars, equipped with large antennas, 
have been used In the study of clear-air atmospheric phenomena. These ultra-sensitive radars, now in 
use for about f> years, are capable of detecting the structure of convective cells, staple layers and 
waves, all in optically clear air. Convective activity in clear air is generally limited to the lowest 
2003 in of the atmosphere. Layers, on tne other hand, have been found to occur from near the surface up 
to tne highest ciear-jir detection altitudes, say 15 hr,. These layers frequently exhibit gravity Wave 
characteristics and it Is these waves which comprise the subject of the present paper, ho experiments 
have been directed primarily toward a study of gravity waves using radar, but in the course of carrying 
out other programs many cases of gravity waves have been encountered. In this paper we describe the 
characteristics of fhese gravity waves. 

3. Bra gg Sc attering 

Scattering of electromagnetic waves by turbulent media has been the subject of many scientific 
studies; for examp’e: Booker vud Gordon (1950), Batchelor (1955), Tatarski (1961). These theories, 
although different in detai l, relate the scattei Ing to fluctuations in the refractive’ index of the 
atmosphere. One finds from theory the following relationship between the normalized radar scattering 
cross section , n, in m 2 per rr, 3 , and the energy in the index fluctuations F (k ) at tne radian wave 
number, k r , corresponding to one-half the radar wavelength, n r 

n - 0 65 k£ F n (k r ) (1) 

where k r = 4iA r . This eguation says that electromagnetic energy incident on a turbulent medium is 
strongly affected by those i rregulaH ties or eddies in the medium whose size is about one-half the radio 
frequency carrier wavelength. These eddies contribute mainly to the scatter because onlv these sizes 
can provide the phase additions which produce a strong signal in the backscatter direction. This is 
essentially the Bragg condition for constructive interference from a grating. 

Experiments have been performed which provide quantitative verification of the applicability of 
Eq. (1). The experiments carried out at Wallops Island, Va., involve radar Hacking of a meteorological ly 
equipped airplane, making simultaneous radar measuremerts and meteorological measurements. The radar 
tracks the airplane with one gate and, by linking a ,ecor.J gate to the first, measures signal returned 
from the clear atmosphere from a region of space just ahead of the incoming airplane. Ibis technique 
provided a radar measurement from the atmosphere and an in-si tu refraciometer measuiemen from identical 
regions within about 10 seconds. Adjustment tor the 10-second lag permitted a direct comparison between 
radsr cress section and the appropriate portion of the refractivity spectrum. Fig. 1 shows a comparison 
of n versus F (k) . From these results one can conclude that Eq. (1) is essentially correct and that 
Bragg scattering is applicable to the optically clear atmosphere because these small irregularities in 
refractive index are quite often present in the atmosphere and aic o f sufficient intensity for detection 
on ultra-sensitive rauars, they act as markers which move with the wind and can be used to determine 
atmospheric structure and motions 

4 • Layer s, Wa ves and Turbulence 

Strata in the atmosphere are corrmcnly detected with ultra-sensitive radars, especially at the lower 
atmospheric levels. In rig. 2 is a photograph of a Range-Height radar ’ndicator (Rill) showing at. least 
10 stratified layers below 6 km. This photograph snows height versus range at a fired antenna azimuth. 

Layers like these nay be as thick as 1 km or as thin as 1 to 10 m. Such layers have been the subject of 

much discussion in attempts to explait t K e mechanism for radar detection. Ottersten (1970) theot.zes 

that these layers are stable which allows vertical wind shear to develop. As the shear increases, small- 
scale Instabilities occur causing turbulence in thin layers. If this turbulence is insufficient to erode 
the shear, progressively larger instabilities break cut. and one rinds larger-scale turbulence. Remaps 
the stable layers are tilted by fronts, or waves which increases f he shear even more and turbulence will 

occur over large vertical extents. If the above mechanism is correct then Ottersten has provided the 

explanation for the radar detection of cbe stable stratified layers. 










YMt mechanism. than, results in the capability with ultra-sensitive radars to observe the 
formation of stmt*fled atmospheric layers and their development into waves if conditions are 
appropriate. 

«t the higher altitudes radar layers have almost invariably been found to be associated with 
turbilence. Experiments have been carried out at Wallops Island during the winter months in which 
aircraft have been flown into regions containing radar layers to determine the relationship between 
radar layers and the occurrence of turbulence. To date, a high correlation exists between them. Most 
high altitude layers are found to be turbulent; Glover and Duquette (1970). 

5. Wave Charact eristics 

The present stage is a rather early one with respect to understanding wave phenomena in the 
atmosphere. Since radar is yielding experimental evidence of wave formations it may be fruitful to 
describe the various forms these waves take and the conditions under which they occur. The following 
examples and discussion comes from considering a group of 26 occurrences of waves from May !96t to 
August 1970 at Wallops Island. They are by no means all the wave formations seen with these radars 
but they are probably at least representative of all those which did occur. It is hoped that describing 
the wave characteristics even at this early stage will lead to more definitive experiments to shed light 
O'" these atmospheric gravity waves. 

A. Wa ves Form Along Horizontal Interfaces 

Although waves can propagate horizontally or vertically, radar has $hown waves only along 
horizontal interfaces. Most radar detection of gravity waves at Wallops Island nave been' made in clear 
air. The signal strength from tnese waves are weak and are mostly limited to within a radius of 40 km. 
The layers, the waves and tie breaking waves which occur are horizontal and are almost invariably 
associated with stable layers and with vertical wind shear. Fig. .1 is a good example of a horizontal 
wave structure which formed at an altitude of about 3.5 km to the north of Wallops Island.' Tills wave 
formation lasted for over 105 minutes and could be seen on many RHI photographs over an azimuth range 
of about 25 cegrees. Outside this azimuth range a radar layer was seen but there was no associated 
wave structure Other layers and coherent targets, (birds) may also be seen in this figure. 

B. Wave Shape 

Some waves are sinusoidal. However, most of the wavy layers detected with radar have a 
"braided" appearance as illustrated in Fig. 4. Braided waves were interpreted by Hicks and Angell 
(1968), to be breaking gravity waves. Other mechanisms were proposed tp explain the braided appearance 
but none provided a more satisfactory explanation than that of breaking waves. In addition, there arc 
available optical photographs of clouds which are almost identical with the radar photographs, Colson 
(1954). It must be concluded that breaking waves remain the most plausible explanation for the radar- 
detected wave shapes. 

Waves sometimes take on the appearance of a wave train. A good illustration of such a formation 
is shown in Fig. 5. In this figure one can see six stages of the wave within a period of 12 minutes. 

The radar antenna was pointed toward the west; the wind, and probably also the waves at 1.1 km altitude, 
were coming toward the radar from the west. 

C. Altitude and Wavelength of Gravi ty Waves 

Waves occur at all altitudes up to the maximum radar detection altitudes with no preferred 
altitude being apparent. A listing of the waves, their altituoes, wavelengths and amplitudes are 
given in Table 1. From this table one can see the wavelengths lie between 0.6 and 3.4 km with a mean 
of 1.7 km. Amplitudes vary between 0.2 to 1.5 km, with a mean of 0.5 km. The waves on 
17 January 1969 are not included in the averages since the wave structure was uncommonly large, 

Deed and Hardy (1972); this case wi11 be oisejssed again below. 

TABU 1. 


No. 

Date 

Altltude 
km_ 

Wavelength 

km 

Arnpl i tude 
km 

No_._ 

Date 

Al ti tude 
km 

Wavelength 
_km_ 

Anplitude 
kin 


5-10-66 

3.2 

1.4 

0.3 

14 

1 - 20-67 

11.0 

1.7 

0.6 

2 

5-12-56 

3.5 

1.9 

0.4 

15 

5 - 16-68 

3.5 

1.1 

0.3 

3 

5-13 66 

4.6 

1.8 

0.3 

16 

11 - 19-68 

6.1 

T .2 

0.5 

4 

5-20-66 

3.7 

2.0 

0.6 

17 

11 - 22-68 

1.5 

3.4 

0.8 

5 

5-24-66 

7.3 

1.3 

0.5 

13 

12 - 20-68 

0.8 

2.2 

0.6 

6 

5-26-66 

3.1 

1.5 

— 

19 

12 - 20-68 

2.1 

2.2 

0.6 

7 

5-26-66 

3.4 

0.9 

0.4 

20 

1 - 24-69 

1.1 

1.1 

0.4 

8 

5-31-66 

4.3 

1.4 

0.2 

21 

1 - 24-69 

: 5.0 

3.3 

1.5 

9 

6-1-66 

3.5 

2.2 

0.3 

25 

4 - 13-70 

1.4 

0.6 

0.2 

10 

6-2-66 

0.6 

2.0 

0.4 

26 

8 - 24-70 

2.5 

1.8 

0.2 

11 

6-2-66 

1.4 

1.4 

0.3 

Mean 



1.7 

0.5 

12 

6 - 10-66 

5 . 3 . 

1.4 

0.2 

U 

3 - 17-69 

8.5 

15-30 

2.0 

13 

12 - 28-66 

12.2 

-- 

0 6 

23 

3 - 17-69 

8.5 

1.6 

1.0 






24 

3 - 17-69 

7.6 ■ 

5.0 

... 


o** r- 

Cw I x J 
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D. Hultl - layerl nq 

Wives sometimes appear simultaneously at different altitudes and apparently unrelated to each 
other. Fig. 6 Is an example of a situation In which there are four distinct lays-s with waves In each 
layer. A sequence of RHI photographs over a 15 minute period showed the layers were somewhat transient 
with the layers .55 to 1.1 km and 1.9 to 2.4 km being the more persistent and Intense. The waves at 
one level were seen to have little or no relationship with the waves at any other level. This observation 
suggests that the waves develop independently at the different altitudes and proceed with little or no 
coupling between the layers. 

L. Wave Directions 

Wave directions are difficult to obtain from th? radar measurements discussed here. Most radar 
detections of waves were made in the course of Investigating other phenomena. Thus one has, in general, 
only one PHI wedge through the atmosphere and with this a unique direction <s not obtainable; measure¬ 
ments over a significant azimuth range are necessary. In the one case In which many RHI slices were 
made within a 25 degree azimuth range, the breaking waves were found to be aligned with the wind shear. 

In the study of other wave directions, necessarily coarse, there seems to be a tendency toward alignment 
with the shear vector,but to date a definitive statement in this regard is as yet not possible. 

The Reed and Hardy observation of a large amplitude wave was also one in which waves from 
different directions were found to coexist. It is relatively conmon to observe (optically) wave 
structures 1r cirrus aligned In different directions. In fact, one of the wave structures in the 
Reed and Hardy paper was so irregular, Fig. 7, that one would need a Foui ier analysis to resolve its 
spectral content. As yet no spectra have been extracted from radar measurements on waves. Sotne doppler 
spectra have been obtained in a deformation field containing a wave structure by Dobson and Meyer (1972) 
but the shortness of the sampled record precludes extracting a spectrum on the longer period waves. 

F. Acoustic or Acoustlc-Gravity Waves 

A few attempts have been made to measure the phase speed of the waves with the conclusion that 
they travel with the wind. From this It Is apparent that at least some of the vadar-detected waves 
discussed In this paper are either stationary or move slowly with respect to the mean fluid motion. If 
the waves did indeed move with acoustic speeds, l.e. , about 2 x 10 4 cm par sec, such motion relative to 
the wind would be readily detectible. Since their motion is slow with respect to the wind, It. will 
require a simultaneous accurate measurement of the wind and the wave phase velocity. The most promising 
technique for this purpose"’*involves doppler. 

G. Seasona l Occurrence of W aves 

At the lower altitudes, say up to 5 km, layers and waves occur during all seasons at Wallops 
Island. Moisture gradients contribute strongly to tl.e radar backscattering; hence, the result that 
one finds many more strongly reflecting regions at the lower altitudes. Also, it Is likely that layers 
and waves are more predominant during the summer although r.o definitive statistics are available In this 
regard. 


At the altltndes above about 8 km, layers and waves are detected at Wallops Island only during 
the winter season when the tropopause is low «.’d also when the jet stream is overhead. 

H. l arge A m plitude and long Wavelength Wave 

The Reed and Hardy (1972) case Is noteworthy because of Its obvious difference from the other 
waves. The large amplitude. 2 km, long wavelength, 15 to 30 km, wave had only a portion of one cycle 
visible. This is shown in fig. 3. Their analysis showed the wave occurred within a frontal zone whose 
width was also 2 km. This outstandingly large wave, In which the Richardson number was less than the 
critical value of 0.25,contained modrrate to severe turbulence. Cirrus clouds above the clear air gravity 
waves also showed the wave structure as may be seen In Fig. 9. It is interesting to note that here too 
the two long wavelength waves, one in clear air, the other in cirrus, are not in phase with each other. 

It would be instructive to postulate a mechanism for suen large internal waves relatively close in 
altitude but yet: unrelated. 

6. High Res olut ion R„dar Me asur ements 

The previous sections in this paper have dealt, with wave structures as seen with radars whose 
spatial resolution was of the order of 100 m. Recently a high resolution radar system was developed by 
Richter (1989) which has yielded a wealth of information on the fine detail of waves within the lowest 
km of the atmosphere. 

Recordings from that radar system indicate that gravity waves are always present whenever significant 
stability exists, Gossard,, et.al. (1970). Wave periods between 7 and 20 minutes are frequently observed. 
Calculations of wave speed using the measured perturbations of surface pressure and wind yield values of 
wave periods which check the periods observed with radar. The ratios of the wave frequency to the 
Brunt-ValsaU frequency were less than unity. It is concluded these waves represent the fundamental i.»de 
of oscillation of gravity waves for a stable atmosphere. Phase speeds were much greater tnan the local 
wind speeds. (The measurements at Wallops Island seem to differ from these reports). 








The high resolution of the Richter radar yields remarkably clear pictures of breaking gravity waves 
and helps shed light on the generation of turbulence. In Fig. 10 is reproduced an example from that 
radar of a portion of a wave train Increasing in amplitude with time,obviously breaking. An Important 
feature of this photograph lies in the fact that the structure was visible to the radar before breaking 
occurred. This implies turbulence at a smaller scale existed prior to the formation of the gravlty wave. 
This is in keeping with the theory of Ottersteri (1970) discussed earlier. 

7. Concl usions 

As a result of the radar observations at Wallops Island and elsewhere one can characterize gravity 
waves, some of these quite tentative at present, as they occur In the troposphere: 

(1) Waves are a common occurrence In the troposphere, 

(2) They form on horizontal stable layers, 

(3) They are acoustic-gravity waves, 

(4) They ate transient or they may last up to several hours, 

(5) They may be sinusoidal in shape and appear as wave train:, 

(6) They frequently become breaking waves, 

(7) They appear at all altitudes up to ihe tropopause, 

(8) They have a mean wavelength of 1.7 km and range between 0.6 and 3.4 km; (some are much larger), 

(9) They have amplitudes between 0.2 and 1.5 km with a mean of 0.5 km, 

(10) They are multi-layered, sometimes as many as four waves appear at different closely spaced 

altitudes, each with phases and perhaps directions independent of the other, 

(11) They tend to be aligned with the shear vector, 

(12) waves from different directions can coexist at the same altitude, 

(13) They occur during all seasons. 

Much excellent theoretical work has been done on the subject of gravity waves. However, the experi¬ 
mental results described in this paper and summarized above suggest a complex system of wave structures 
and motions whose ultimate description will probably require a 3-dimensional spectrum similar to that in 
use at present to describe the ocean surface. 

It is hoped that the characterization of the waves presented here, although based on a relatively 
small number of cases, will lead to future experiments with high resolution radars and, hopefully, in- 
situ probes which will improve our total understanding of the dynamics of the atmosphere. 
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Fig.3 Horizontal wave structure at 3.5 km to the north of Wallops Island, 16 May 68. This wave extended 
25 degree azimuthal range and lasted over 105 minutes. 
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Fig.4 Braided wave structure at 5 km on 24 Jan. 69. Braided appearance is interpreted as breaking gravity wave. 
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Fig.5 Six stages of a wave in a wave train formation, 24 Jan. 69. Waves are probably traveling toward the radar 
from the west and lasted about 12 minutes. 



Fig.6 Waves occurring at different altitudes simultaneously willi little or no apparent coupling between the layers. 

Tlie layer at about 8 km is cirrus cloud. 
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Fig.7 Complex wave structure at 7.5 km, possibly resulting from waves arriving from different directions. 
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Fig.9 Another photograph of the wave structures on 17 Mar. (>9. This is an example of a clear air gravity wave 
out of phase with the cirrus waves above it. 
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Fig.10 Portion of a breaking wave train at 250 m altitude as measured on the Richter radar. Note that the wave 
is visible on the radar prior to the larger scale breaking. This indicates turbulence at a small 
scale before the gravity wave developed. 
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^OBSERVATION L'ES OMJES ACOUSTIQUES ET DE GRAVITE DANS LA ZONE SI1HEE 
EMTRE SO ET 70 KM D ’ALTITUDE 


par 

G.E. Perona 


SC*MAIRE 


On peut dStecter avec succes dea onaes acoustiques et de gravite dans la region D de 
l'ionosphere, raalgre lea difficult^ bien connues liges a 1'interpretation dec donnees de cette 
region, Cetto possibility eat d'abord demontrge thgoriquement, puis confirmee par une analyse 
attentive dea donates TBF et dee donnees d'interraodulation portant sur la tone situee entre 50 
et TO km d'altitude. Lea limitea relatives a l'aaplituae, a la frequence et a la longueur d'on- 
de dea ondes acoustiques et de gravite susceptiblea d'etre dgtectees a ces niveaux sont brieve- 
ment examinees. 
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OBSERVATIONS OF GRAVITY WAVES IN THE HEIGHT RANGE 
SO - 70 KM. 


G.E.PERONA 

Istituto di Elettronica 0 Telecomunlcozioni 
Palitecnir.o di Torino, Italy 


SUMMARY 

Acoustic-gravity waves can successfully be deterted in the D region of the ionosphere in spite of all 
the well-known difficulties that characterize the interpretation of the data concerning that region.This 
possibility is demonstrated from a theoretic point of view and is successively confirmed by a careful 
analysis of VLF data and cross-modulation data, related to the 50-70 Km range. The limits on the ampli¬ 
tude, frequency and wavelength of acoustic-gravity waves that may be detected at these levels, are 
outlined. 

1. INTRODUCTION 


At present , no measurement techniques are available for continuously monitoring the atmospheric 
parameters in the height range 50-70 Km. Specifically, balloons are efficient up to 30 Km only; rockets 
are a source of great local perturbations. Besides, measurements with rockets and balloons are di n conti- 
nuous. Even standard electromagnetic techniques prB3ent law efficiency . Therefore, acoustic and internal 
gravity waves arenot monitored in the height range quoted above , where the theoretic analysis shows 
that many interesting phenomena taka place, like ducting and reflection. Above 70 Km, lasers have recen¬ 
tly detected long period internal gravity waves, (KENT G.S. et al., 1972), and below 50 Km high-resolu¬ 
tion radar measurement* are used to study internal waves in the atmosphere near the ground (GOSSARD and 
RICHTER, 1970). 

Up to date, only two ground-based electromagnetic techniques have been succesatilly used in studying 
the lower 0 region, namely the cross-modulation experiments and the VLF propagation. The present paper 
will examine the possibility of detecting gravity waves in the height range 50-70 Km with these two techni 
ques. Its first sectiqn evaluates changes in electron density produced by gravity waves in an idealized 
diurnal atmosphere, assumed to be isothermel, in photochemical and diffusive equilibrium, and without 
wind motions. The second and third sectionedeal respectively with gravity waves and cross-modulation, 
and gravity waves and VLF propagation. A few experimental results will be presented in support of the 
theoretic analysis 


2. GRAVITY WAVES AND REGION 0 
2.1 Gravity waves. 

The "polarization" relations for gravity waves propsgsting in an isothermal atmosphere without winds, 
can be written as follows (HINES C.0,,1960): 

p /P - q / R - U - tyz - A exp J.fot - k^x - K^ z ) | (1 1, 

where: 

' P 1 1 P 1 1 and are the normalized variations of pressure, density and temperature; 

- U . and U are the horizontal and vertical components of the neutral air velocity; 

x z 

-co • 2 fl/T is the angular frequency; 

- k , and K » k + J/2H are the horizontal and vertical wave numbers; 

- H is the scale height of the neutral atmosphere; 

- P, R, X, and Z are functions ot frequency, wave numbers and atmospheric parameters (HINES C.O., I960) ;and 
-V- P-R. 

Other parameters that will appear later are defined here for convenience: 

- c - speed of sound ; pl.4 is the adiabatic exponent; g is the gravity acceleration; 

- W - yg/2c; co * 2*/T - (y -ll 1 ' 2 q/c; 

a an 


- H[o], H[0 3 J 

- [o 3 ]. [°( 3p )3 


are the scale heights in Km of the minor atmospheric constiturrd-s 0, 0 
-3 

are the number densities in cm 


Changes induced by a gravity wave in diurnal lower D region will be analyzed in two steps: namely, 
changes in the relevant minor neutral constituents of the stmosphere, snd changes in the electron density. 

1 , ' .* •. <-5 + • - mnuoq «vH 4-h no n H * 1 nmp "Hn im- 4 1 1 ho o gnmi rgD-i Sr* HnfnH 1 hnra, ■-** 4-Hri'* *- 
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out For shorter gravity waves and acoustic waves. 

It is known (HINES C.0.,1960) that, under the following assumptions: 

2 2 2 2 2 ' 

k z» <U a /C ' «<% ( 2 ). 

ths dispersion equation and the "polarization" relations For internal gravity waves become ex_tremely 
simple: 

2 5 2 2 

0 > k- k ( 3 ), 

2 w g x * 

u 2 /u x “ " V k z ” ~<° /o n '• ■ s(r~i )*/c ; e,- -t, . (4). 

The horizontal and vertical displacements, respect.ivelv Ax and^z, of the air masses moved by the gravity 
waves are approximately equal to: Ax « - j U^/o) and J z ■ -j U /ai . The normalized real parts of q ^ , T , 
U , U , A x, and A z fra shown in Fig.1. It is important to notice that the amplitudes of the sinusoids 
do nof depend on <u within the approximations of the unequal!ties (2). Furthermore, T ( and p have the 
same amplitude but are of apposite phase, while U and U are in quadrature with them. This fact implies 
that the air masses moved by the gravity waves, pass throug’h their equilibrium position (e.g. at t»t , 
where Ax > &z » o) with maximum speed and unperturbed density and temperature. The air found in 
P (x^, z ) at t - t has been displaced from its equilibrium position, P^fx^, z^t, by an amount equal 
to Ax (t^) - X i -X 0 ’ anci A z (^) * 2 l” z C‘ prom P q to the ?as fr °H° weci an adiabatic transformation. 

Hence, T^ ■ (y -1) Q ^, where T^ andp^ are the normalized Eulerian changes of thn temperature and density 

of the gas. Since the atmosphere has been supposed to be initially isothermal, T - T^ and, consequently 

o - (y-l)p r From to P^, the air expanded adiabatically (p^ is neqative), hut its density still 

remained larger than the density of the air present at the new level in equilibrium conditions (’ p^ > 0 ). 

2.2 Minor neutral constituents in the 0 region. 

\ 3 

From Pg to P , the air carried alonq its minor neutral constituents, in particular 0 f P) and 0^. 

Let us suppose, for the moment, tint the quant ' 1 ty of atonic oxygen and ozone present is constant, so 
that the new concentrations observed in P are easily estimated as follows: 

IO(3p, ' J Pl.tl ” l0(3p,J Po.to X fl " e i /fy '' l)) " t 0 f 3 p, 1 Pi,to x f 1+ ^ z /H[0( 3 P)] 


lc y pi, to 


(i + Az/h[o 3 i ) (i- q^/ (y- 1) ] 


Tho scale heights in the above equations have been estimatod to bB: 

H [0( 3 P)1 - - 10km (SHIMAZ4KI and LAIRD, 1970), 

H [ G^l ■ 4 Km (SHIMAZAKI and LAIRD , 1970), 

for overhead sun, tha 1- is For the sun zenith angle, g , equal to zero. Therefore, the normalized cherne 
in Of P) appears to be of the order of -5,5p^ , and the normalized change in 0^ is approximately 

+ 2,5p^, provided 3uch minor r.oastituents have a life time longer than a quarter period of the gravity 

waves. The atomic oxygen Of^p) is at work in many reactions of aeronomic Interest (HUNT G.B., 1966 ; 

5HIMAZAKI and LAIRD, 1970). It can bo produced in various ways, hut its main source is qhotortissoriatlon 
of 0 , with a dissociation coefficient nf the order of 1CTS s~1 for overhead sun fSHIMAZAKI and LAIRD, 

1970) . In the height range under consideration, [ O^J - 10^® - 10^ cm and [0 (^PlJ ■ 10^ - 10'1 cm _ 3^ 
hence correspondingly t.ie time constant is of the order oF 10^ - if)5 a, 0(^P) can also be produced either 
by photodissociation of NO^, or by ionization followed by dissociation of NO, nr etc.., but the correspond!ng 
time constants ere much longer than 10^ s. Another important source of atomic oxygen is the photodissoria- 
tion of O , with a dissociation coefficient as high as 10~^ sen , for overhead sun and above 60 Km fSHTMA- 
ZAK1 and LAIRD, 1970) . However, [0( 2 P)l / [ 0^1 = 10 - 100 in the height rame 60-70 Km ; heoce, dissociation 
of 0^ cannot aopreciatily change the total oxygen content on n timn scale shorter than 1D0D s. In conclusion, 
when an internal gravity wave perturbs the atmosphere, the normalized change in o( 2 Pl can be simply 
computed from en.(5) il the nuarter period of the gravity wave is substantially shnrter chan 1000 s. 

The situation may he rti fferont for 0^. Indeed, from no. (6) it. appears that [0^] ^ should increase 

with respect to its equilibrium value in P . However, as stated above, the tirr.n constant ('nr phntodisso- 
cintion of fl , X f0^), is nf the nrdpr nf 100 s above 60 Km for overhead sun: this value is approximately 
equal ta the quarter oer-iud of the shortest possible internal qravi ty w, i. Hence, 0^ must be always in 
photochemical equilibrium with the other species, HowBVBr, at middle and hi ah latitudes, it will be seen 
that tfo ) substantially increases. For example, during winter, at 45° latitude, 60 Km height and noon 
local time f C JT 0° 1 r fn 1 --nr- ■ 


r»£'/ 




Consequently, even an intsrriil gravity wave with n 2D min. nerind is ahln to filapiece 0^ without effecting 
thn total 0^ content. In this cnso too, normalized thsmsfl in 0^ nan be eatimatad from en.(fl). 

'he behavior of other minor neutral constituents will not be examined hero, since they do hot affect 
the electron balance in the height name consirtored. Even Nil ccasas tb be important in tnie respect Just 
below '70 Km. 

2.3 Electron density. I 

Several detailed schemas of electrons and iorta balance have bean published (FEKSENFELD F.C., et el,, 
1967; LELEVIFR and RRANSCOMfi, 1966; FITE W.L.„ 1969; FERGUSON E,E., 1^69; REID 6.C., 1970; FERQU3PN E.E., 
1971 1. For thn presentmelysis, the simplified 1 scheme of Fig.2 is adequate; it is very similar to the 
so-called two-ions model f ADAMS and MCGILL, 1967). In the height range 30-70 Km, two sub Tedious charac¬ 
terized by different types of preponderant recombirvstioh processes, ore considered: 

- renion a , approximately above 60 Km, where negative charges are lost mainly by recombination of elec¬ 
trons with positive ions; 

- renion fj , approximately below 55 Km, wtiera negative charges are lost mainly by recombination of nega¬ 
tive with positive ions. 

The two raoionu will be examined separately. It will be assumed that ions and electrons do not significantly 
diffuse in a time commonable with one-quarter period of the gravity wove considered,' 

The ions are considered first. At 65 Km, in region a, tho production rate is token to be 0,05 cm 3 
s fi/ELTNOi/ P., 196fl; FRANDFV R.Y., 1970), the ion density is at least 300 cm , hence, the time con¬ 
stant for positive ion generat^on is longer than 6000 s. At 50 Km, in region p , the production ratg 
is nf tho order nf 0.5 cm s , the positive and negative ion density is of the order of 3x1tP cm , 
hence, thn time constant is lunger than 6x10*1 s . fCOLE and PIERCE, 1965) . Therefore 1 the ions follow 
the motion induced by the gravity waves without being signi ficantly altered by generation and destruction 
processes, if tne gravity wove quarter period is shorter than the time constants Just computed. 

For what concdnij the electrons,' both theoretic (DOLE and PIERCE, 1965) and experimental (MECHTLY 
and SM^TH, 1968) results seem to confirm that their density at, let us say, 65 Km, is of the order of 
30 cm . Thl3 implies a time constant of toe order of 600 a. Consequently, when studying the change} 
oroduced in tne electron ilensltv by a gravity wove with period of the order of 20 min. or less, [e ] 
can be easily evaluated as follows: ! 1 P1,t1 


ta, Pi,ti - tel Pi,to * (HA2A V 1 W 0 '- 15 1 


The electron density profiles can be expressed in term of H (z,t), the affective scale height. It is not 
uncommon to find H a-5 Km in region afCOLE end PIERCE, 1965*f MECHTLY and SMITH, I960; REID G.C., 1970), 
Hence, normn’i md changes ir, [ej can be estimated frOm ert.f7) to he of the order of -lOP^ . 

In region p , the electron density is very small and the electron life time is of the order of a 
second. Therefore, the electrons reach their equilibrium rtensi ty very nuickly. For example , at SO 1 Km , 
the halrnco equation for elortrons is f see Fig.2) : 


x fei-ro 2 Mo e i 


10" Ho (>)] 


rlahfc-hnnd-side of the nhove equation is much larger than o, the production rate. Therefore, the equili¬ 
brium density can be computed by simply equating attarh-ment and detachment, and its percent change [e J 
comes out eaual to : ; " 

1 V 1 ■ ■ [ Vt 1 1 - 3 r V 1 + 1 W 1 1 + t 0 f3p1 *1 ♦ 1 Vi 

where the parentheses indicate normalized rhnrrjos of the bracketed ouantities. The coefficient K is 
weakly dependant on temperature fPHFtPS A.V., 1969); K too is probably a weak function of tsffperatvra, 
though a definite statement based cn exoerimental results cannot be made fPHELPS A.V., 1D69). Therefore, 
the temperature dependnnefc^nffnctn of K and K ^ on [ejwill be neglected. In eo.fr), 10 1 can te 
assumed enual to p^ t Of PlJ^ can be%stimnte?rt'rom eo.fsi;, f 0^ J has -till to bs esefuaied.As d is 
known , 0 is one minor constituent of the negative-ion family, since its life time is very short due 
to the fast conversion to 0 by collision with 0 . During the perturbations induced by a annuity wave, 
this ipn ran ranch its enui librium value, that is:’ I 


Q - 


f FERGUS* 


is the coefficient for charge exchange. The tnmnerature dependence of K is unknown 
let , lot 

N E.E., 19691,hut reaction rates for similar types of charge exchange hare been shown to bo 
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slightly ctapendent on tomparature, Consequently, it so ana resoneble to assume that I 0^ 1 “ "10 

Finally, after adding nil the cuntributiona in the rlghtrhand aide of eg.( 9 ), it turns ojt that 
1 it I ^" i« approximately equal to -10 0 ^ In region 0 , 


At this point it can bn stated that. small .icjiwnli/ad changes in the neutral air density produced 
by qrwvlty waves with period of tbp order of Z*) min. or less, cause changes in electron density that ere 
ten times larger, This semi-theoretic result has to be accented with caution. First of all, the preasnt 
estimate of the pfienomens concerns only an order oi magnitude. A precise analysis would have to solve 
the Toll set of differential equations fur t:ha neutral nnri charged constituents.Secondly, the present 
cstimets is highly dependent on the values assumed for thw scale heiqhta of the relevant atmospheric 
constituents, thni can be affected by larqe errors, however, there is at least one experimental sat of 
results supporting the conclusionsreachad in the courso of the semi-thaorotic analysis. Winter time 
measurements of VLr phase and amplitude have shown larqe perturbations. These phenomena were interpreted 
in terms of temperaturj rhanqes in tlie neutral air that are known to be relatively larqe iri such a season. 
The mechanism becomes operative throuqh changes in the density of some minor neutral constituents, like 
Oi p) or 0^ (OOERTY 8.H., 1968). 


THE CROSS-MOGULATION MEASUREMENTS 


These experiments produce changes in amplitude (FE.JFR J.A., 19S5; SMTTH et al., 1965', in phasa 
(FERFWH) et al,, 1963), and in Faraday rotation fRUMI G.C., 19681 of a "wanted” wave ea a result of t**a 
interaction with a “disturbing" wave. Tho heiqht range ia measured by the delay between the transmission 
of the "disturbing" pulse and the arrlunl of the "wanted" pulse. The height resolution is determined hy 
the lerrqth, 1 , of the pulses. This implies that only acoustio-qravity waves with vertical wavelength 
longer than 1° could be detected. Furthermore, a lower limit: on the horizontal wavelength of the acoustic- 
gravity woves°is placed by tlie dimensions of the first Fresnel zone. 

2 

The measured normalized quantity, M, is proportional to [ej x ffnl/v" T , where v 19 the electron- 
neutral collision frequency, T is the electron temperature assumed to he eoua? to the neutral air tempe¬ 
rature and ffv) is a complicated function, that can he written as f(v) v f , wtiere |e| <1. Thn collision 
frequency is proportional to pT 1 ^ , where Q is the air density and <5 is a positive number, variynd from 
0.5 to 1, depending on the theoretic model (CROMPTON R.W. et al., 1953; COLE and PIERCE, 1965) . Even 
different tyoes of experimental techniques seem to give not ouitd consistent values for 6 . Anyway C and 
T change in opposite direction , at lea3jt; under the action of the internal gravity raves considered in 
t^e previous section. Therefore, v and v T do not change appreciably, and changas in M are npnroxi- 
matelyproportional to the normalized variations in [ e ] . For different waves or disturbances such that 
and T^ are not of opposite phase, the dependence of » on v 1^ should be taken into account. 
Furthermore, in this cose, whenever amplitude meosurementsaro concerned , even changes in f( v ) could 
become quita important . Indeed, f[ * ' is a rapidly varying function of v at the height where it goes 
through zero, that is approximately where the operating angular frequency equals 2.2 » (RIJMI G.C., 1962). 

According to experimental evidence, most of the time tha cross-modulation experiments ore disturbed 
by spurious effects, of unknown origin, such ns a modulation of the reference level with a period in the 
range of the acoustic o’" internal grnvitv waves. This suggests that such waves can indeed be detected. 

An example is reported in Fig.3, adapted ! 'rom RUMI G.C. M966). The parameters of the sxperlment were; 
"wonted" frequency • 3.335 MHz; disturbing frenuency « 13.B66 MHz; pulse length . fjftyi a; nntennn beam «15 e ; 
plnre of the experiment: Cornell University, Ithaca, N.Y, ; height range ■> Si Km. Fig.3 shows that: the 
intensity of cross-modulation vnrind with a period of the order of 1 min. Only the above qualitative 
interpretation is offered. The nuanti tat! vr analyni-. of tlie data is not attempted, since, at 6b Km height, 
eddies with characteristic dimension of the order of the "wanted" wavelength can be present (RDCIKER M.G., 
19561. Tt has been sugmosteri ftir’l C?,r_,., 1968) that these eddies can he imnortant in determinino the level 
of the signal. However, no theoretic.-'l analysis of thM r effect has been performed. Tt is worth rnnqrtlm 
the* modulation periodslogner than five minutes have been observed. 

From the present discussion it appears that gravity waves can be detected, and, in fact, hare 
been detected, by crose-modulation experiments, fhx t*H s techn1niie f it should be possible to measure 
not only the period of the wave, hut ’Iso the vertical wavelenoth by buickly scanning in height, The 
horizontal wavelength could not he measured with the eguipment presently in use. 


4. VI.F MEASUREMENTS 

VLF propanatinn in the esrtn-ionosp* rre cavity is usually studied with the mode theory ^WATT I.R., 
19521, Only under particular conditions tlxi rey theory c n i,a applied . Stub conditions are in fart veri¬ 
fied For the nrooiostlon of the G.R.R. - 16 KHz sional on the link Rugby-Taring, with nirt-reth reflerrinn 
point lust above Paris. At this frequency, the ionosphere can he considered sharply hounded and the 
reflection level, z , during the dev is in the neinhhnreood of TO Kir ( RRACE'MEI l R.N. et al., 1°5l'. The 
total phase dalav measured at the receiving station is the sum nf three factors: si t.h” path lennth, 
b> the value of the refractive inr.ex below The reflection level, cl the phase, are f,Mjl , nf the 
rsfl.orHon cuefflcinnt.jR, depends on t-n parameters, the anale of inci dpgre, ^ , and the quantity 2 ft M . 
where ft is the real part and x Is the imaginary mart of the refrontlvs index at the ref>option level. 
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For tun link Rirjby-Tarlno, 2 ft, x Is of the order of 0.6 -*nrt 0 , » 75* fwjt T G.C., 1071 ) , To a first npomKi-- 
mation, It ran ba interpreted that « dravity does not nffect 2 ft x , but chameh the heinht of raflor- 

tlon. In TBnornl, for what concerns , and, consequently, am f jjH jjl, It should ho noted that d ^ 
cherries only if the refractive Index nf the layer he'.ow the reflection levtil charnes. Hownve v- , fur the 
present case, no layer with refractive indax suf fjclentlv different from one *md tlrknnns sufficiently 
lamer than a wavelenath exists below z durim daytime. Furthermore when ?. fi > t» P„H end 15° the 

phase o f the reflection coefficient is almost independent on ft^ . Therefore, a brevity wave thimm 
the phase delay of VLF waves only hy chamlm tho nonmotry pf the path, that is by movinn the reflnr-lnn 
level. Quantity 4z^ is easily evaluated since t 1 z /H » [a J ^'rom the neon*!trim 1 conflnumt.lon , t 
appears that 1 hr nhese tiel.sv Introduced hy a chamo in z^ is equiVl to 2 A z . cos ^/c^, where c is the 
velocity uf linht. A IfW, dec-ease in fej causes n delay nf the order of l^s. It is to be noted ?hnt the 
precedinq discussion on ^ should be completely reviewed ii the reflectirn level is hinder tn»n 70 Km. 
Indeed, in this case, the layer below z may be sufficiently efficient in chanqinn ; furthermore , 

2^* n «t z^ may be lamer, and, consequently, im (n ^ ®) becomes very sensitive to charnes i n. 

In order to be seen on VL C phase records, dravity woves should satisfy the following conditions, 
fheir vertical wovelenoth should ae lamer than tne penetration depth of the VLF sidnnl irr-to the reflection 
lrtyerr, estlmnted to ho 1/4 of the VI.F nnv!lemth, that is 5 Km at 16 KHz. Their horizontal w-ivelennth 
should he Inner than the first Fresnel zone, that is t/f thr, order of 100 Km for the Ru~.h\m-Tnrino link 
at 16 KHz, Theso two conditions imply that only internal nravity waves with period ipnnor than 

auproximntaly 10 min. can be seen with this technioue since internal woves with .shorter period will 
be reflected well below 70 Km (HTNES G.O., I960). A type of possible "resonant" interaction »,iy arise 
when the horizontal wavblomth of vhe nrovity waves is half the VLF wnvelemth. In this case too,chimes 
on the VLF phase may be op- 1 te lame. Ho quantitative analysis of such effects will be attempted ham. 

Fid.4 ttnroudh 7 show records of 16 KHz phase measurements on the Ruqby-Torino path, Tho distance 
between the two stations is 1040 Km., and the orientation of the path is i4° W of N. Fin.4 and 5 present 
wave-like structures with perioefcof the order of IS min. Even if the amplitudes are 3mall,of tho order of 
1 - 2jis, those events are very noticeable since, during the days examined, the ohassi stays constant wirhin 
much less than 0.5/is for many hours. Fiq.6 shows an example of a phase modulation by on acoustic qra- 
vity wave with n period of the order of 2 din. Notice that the amplitude of the wave is attenuated , but 
4 or 5 perioos can bv suen. Fi,lolly,, rig.7 shows a wave-like structure with a 30 min. period riu'lng o 
momlm phase recovery. Records of tl:e type presented do occur occasionally, they are not regular nr fre¬ 
quent. Indeed, aj H apoerrs from ttta previous discussion, only relatively lame-amplitude brevity waves 
may produce sensible charnes in the phase delay of the signal. 

5 . CONCLUSIONS. 

Gravity waves propagating in the lower ionosphere have been shown to cause re 1 nti vrl y lame rfnnges in 
electron density in the height mme 50 - 70 Km. In thi3 way, the motion of the neutral atmosphere may be 
indirectly detected by electromagnetic techniques, as crosp-modulntton or VLF propoqatinn. Few experimental 
date heve been prasentod, supporting Qualitatively the theoretic conclusions. Even if if mpueers diffi¬ 
cult nor to orecisely deduce the pernmeters of the gravity waves involved, it seems useful to utilize the 
quoted techniques with this aim. In particular VLF phase and amplitude are available for many different 
links, end should dive interesting informations without the need nf any od hoc equipment. 
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Fig.2 A simplified scheme of electron and ion reactions. 
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OBSERVATIONS OF GRAVITY NAVES IN THE HIGHER ATMOSPHERE BY NfcANS 
OF METEOR TRAIN DETECTION 


by 
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Abstract 


Over 1000 individual value* of neutral wind can be obtained daily, within the 75-105 
altitude range, with the aetaor radar of C.N.E.T, (National enter for Studies on Telecomaunications), 
Data processing and haraonic analysis significantly exhibit progressive waves whose vertical propa¬ 
gation can be tracked owing to the accuracy in location due to the radar. The length of the measure¬ 
ment period (10 days) makes it possible to acquire data on the life duration of the gravity waves ob¬ 
served. 


C.N.E.T, has installed a meteor radar at Sens-Btlujeu (b3°N), Returns from ionized traces 
produced by meteorites penetrating into the higher atmosphere are obtained. The radar is extremely 
sensitive (0,2 uV for s 10 dB signal/noise ratio) and therefore can detect over 1000 meteor echoes 
daily. Owing to a novel device for measuring the distinct between the radar and the meteor echo, and 
to the accurate determination (± 0,7°) of the elevatior uad azimuth of this echo, the altitude can be 
determined within t 500 meters. 

The motions of the East-West component of the neutrai wind within the 75-105 altitude range 
can be deduced from the Doppler effects on these echoes. Waves are thus exhibited, whose vertical 
propagation can be tracked since the altitude is known. Besides tidal motions, with periods ranging 
from 12 to 2b hours and over, shorter period oscillations ore observed which can be compared to gra¬ 
vity waves. 

Up to 1969, measurement periods were of reduced duration (2-3 days), and only "instantaneous” 
gravity vaves could be observed. With automatized date processing, the duration of these periods was 
extended to 10 days ss soon as December 1969, thus permitting studies of the stability of the obser¬ 
ved motions. 

This paper surveys preliminary investigations on gravity vaves observed from 20 April to 
30 April 1970. 
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Resume 

La radar rreteorique du C.N.E.T. perrret d'obtenir plus de 1000 valeurs lndividuelles de vent neutre 
par jour aux altitudes ccmprises entre 75 et 105 km. AprCs traitement des donnSes et analyse harmonique, 
on net en evidence de fagon significative des cndes progressives dent on peut suivre la propagation verti- 
cale grSce 3 la precision de la localisation dfle au radar. La durfie de3 mesures (10 jours) permet de de¬ 
terminer quelques rSsultats sur la dur6e de vie des cndes de gravity observes. 


Le Centre National d'Etudes des T616ocmrunicaticns a implante un radar mfiteorlque 3 Sens-Beauieu 
(43°N). II permet d'obtenir des echos radar provenant des traces ionisges creees par les meteorites p6n§- 
trant dans la haute atmosphere. Ce radar a une grarde sensibility (0,2uV) pour uri rapport signad/bruit. 
de 10 dB) oe qui lui permet de dStecber plus de 1000 echos m6t6oriques par jour. Un dispositif original 
de mesure de la distance entre le radar et l'Scho m6teorique adnsi que la determination precise (+ 0,7°) 
du site et de l'azimut de oet ficbo permet d'obtenir une definition de 1 'altitude 3 ± 500 metres. 

Eb fetudiant l'effet Doppler sur ces echos, an peut reconstituer les mouvements de la florrposante 
Est-Ouest^Vent neutre dans la game d'iiltitude comprise entre 75 km et 105 km. Cn met alors en evidence 
des cndes dont on peut suivre la propagation vertlcale gr&ce 3 la ccnnaissance de 1'altitude. On constate 
outre la presence de mouvements de marSe (periode 12 he urea et 24 heures) et de periode super ieure 3 
24 heures, 1'existence d'oscillations de periode plus oourte que peuvent Stre assimiiees 3 des cndes de 
gravity. 

Jusqu'en 1969, les canpagnes de mesures avaient une dqree reduite (233 jours), ce qui ne permet- 
tait que 1'observation "instantanee" des ondes de gravity, [l] L'automatlsation du traitement des donnees 
a permis de porter la duree des carpagnes 3 lO jours dfis Deoembre 1969, ce qui permet d'etudier la sta- 
billte dans le tenps des mouvements observes. 

Oet expose represents m travail pr611minaire d'etudes des ondes de gravity observees du 20 Avril 
au 30 Avril 1970. 

I - TRATTEMENT DES DONNEES 


1) Le radar m6teorique du C.N.E.T. fonctionne 3 la frequence de 3CMHz environ et les antennes 
d'emission et de reception sont dirigees vers l'Est. Eii raison de la frequence utilise, ces antennes sont 
assez peu directives (l'ouverture du faisoeau 3 3 dB est de 28° en azimut et de 30° en 3ite) -Ceci signifia 
que l'on observe des echos m6teoriques dans un volune important (30 km en altitude, 150 km dans la direc¬ 
tion Est-Ouest, 80 km dans la direction Nord-Sud). Come la mesure du vent se fait par effet Doppler, on 
obtient en reality la valeur de la ocrposante radiale du vent qui peut Stre diffferente de la valeur de 
la ocrposante E.O : l'erreur sur celle-ci peut at.teindre 10 m/*. Pour tralter les donnees brutes, cn est 
done oblige de fatre certaines hypotheses. 

a) On traite les donnees oomme si elles representalent la cxnposante E.O, Pour eviter d'introduire 
des erreurs trap irrportantas, on est amene 3 eiiminer les echos trop ecartes de 1'axe des antennes. 

b) On neglige les variations borizontales du vent dams le volime etudie. Ceci signifie que les 
mouvements de vent d'echelle horizon tale infer ieure 3 200 km seront ignores par l'analyse. 

c) On suppose que le vent neutre aux altitudes oonslder6es est pratiquement horizontal. Ceci a ete 
montre theoriquement pour les ondes de gravity de per iode scp6rieurc 3 1 heure et exp6rlinentalement 

d) Ch admet. que la mesure de vitesse obtenue est 6gale 3 la vitesse de l'air neutre. 

Avec oes hypotheses, on obtient une serie de valeurs du vent dependant uniquemer.t de 1'altitude 
et du temps. 
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2) Pour reconstituer les profils de vent, on veut calculer les valeurs sur un maillage rfrgulier 
en tenps et en altitude. Qi oonsiderant qua l'erreur sur 1'altitude est de + 500 metres et que 
l'cn se limite 3 1‘etude des oscillations de pSriode sup6rieure 3 2 heures 30, on a fixe les pas 
du maillage respectivement 3 1 km et 10 im. Les profils de vei-i sont calcuies par interpolation 
linfiaire. Celle-ci est limitfie aux points (t Q ,z Q ) tels que la valeur du vent en (t 0 ,z G ) ne soit 
pas entachSe d'une erreur supSrieure 3 10 m/s. Cette analyse agit carme un fijltre sur les oscil¬ 
lations de faible p^riode (< 3h.). La figure ci-oontre nontre 1 'attenuation d'une onde d'am¬ 
plitude u Q et de p6riode t, p reprgsente le nembre d'echos par heure. On voi? que pour p = 20 
et t = 3 heures, on a 



= 0,75 


3) Oi effectue alors une analyse harmonique du profil de vent ainsi obtenu 3 chaque altitude. On 
constate alors la presence d'une trds forte oamposante de pSriode 12 heures correspond ant au 
ph6ncm&ne de maree. Pour obtenir une precision plus grande sur les ondes de pferiode differentes, 
on est amen6 3 retrancher la oamposante de periede 12 heures das valeurs expgrimen tales et 3 
effectuer une analyse harmonique sur le signal restant, 


Pour obtenir une precision plus grande sur les ondes de gravity, on pourrait avoir interSt 
3 effectuer 1'analyse harmonique sur une dur£e aussi grande que possible. Cependant, on verra que 
la dur6e de vie d'une onde de gravity est limitSe 3 3 jours en moyenno et que de toutes fagons, 
la phase de ces ondes est assez peu stable dans le temps. Dans ces conditions, il existe une limi¬ 
tation physique 3 la valeur de la dur£e de l'echantillon que l'cn a fix&e 3 3 jours. 


II - Observation d'ondes de gravity 


L'analyse harmonique d'un fichantillon de duree 3 jours a ete effectude 3 chaque altitude 
de z comprise entre 75 et 105 km et pour une s&rie de valeurs equidistantes de la frequence 
allant de _J_ heure * 3 1 heure -1 par pas ggal 3 
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ad T »t la duree de l'Cchartillon (T = 72h.). On represents chaque ccrposante par : 


V (t,z) = v (z) sin ( 2rft + ♦ (z)) 

L'etude exp6rirrentale des valeurs v (z) et $ (z) du 20 au 30 Avrii 1970 conduit aux resul- 
tats suivants : 

Le spectre de puissance presente une sgrie de "pics” de forte anplitude, ce qui avait dej3 
ete observe en 1965-66 [3] 

- A la frequence correspondante, on constate frgqueiTment que $ (z) varie lineairement avec z. 

On est alors en presence d'une onde progressive de longueur d'onde 


Le plus souvent dt est positif (figure 1 S 41.L'cnde a dcnc une vitesse de phase 

dirig6e vers le has. Plus d rarement (un cas sur dix), elle semble dirigfte vers le haut (fig.n°5 ). 
X est ggnSralenent ocrprise entre 10 et 40 km. 


Tests de validity 

Pour verifier qu'un "pic" du spectre de puissance des vents represents une cnde atmos- 
phferique de maniSre significative, nous avons utilise le test propose par SPIZZICHINO qui 
ccnsiste 3 calculer le spectre de puissance bidirtensionnel S (f,k) du vent zonal u (t,z) 

S (f,1c) i -i — ["f T ' Z ° +Z u (t,z)e 2in(kz “ £t, dz dt 

T Z I o z 
u o 

od T est la dur6e de l'6chantillcn et Z l'6paisseur de la tranche d'altitude analys6e. 


A toute ctde atnosphSrique correspond un maximum de S (f ,k). RAciproquerent pour s'assurer 
qu'un pic correspond A une onde atmosphferique, cn peut : 

- ccmparer 1'amplitude de ce maximum a celle du bruit ambiant et ne consid6rer que les pics 
pour lesquels le rapport signal/bruit est supferieur a 10. 

- conparer la forme de S (f,1c) autour du maximum a celle di S th < f ,k) qui resuite theori- 
quenent d'une orde pure de frequence f et de ncrrifare d'onde k Q . 

[ sin nT (£ o~ £) sin nz (k o~ k) 

b th ~ max [* "T (f Q -f) nZ (k Q -k) 

Les figures 6 et7 nontrent des canparaisons entre le spectre experimental et le spectre theorique 
pour' deux rates spectrales obsexv^es. On voit que ces rates represented des andes de frequence 
et de longueur d'onde stable pendant la durfie de 1'echantlllon, c'est-a-dire pendant une dut6e 
de 3 lours. 

Erreurs sur les caracterlstlques d'une onde de gravity 

Pour estimer les erreurs Au, At et Ak sur 1'amplitude u (z) la phase t (z) et le ncmbre 
d'onde k d'une aide de gravity, on supposera que t varie linSairement avec l'altitude aux erreurs 
de mesure prSs 


t (z) = 2n kz + 1 + At (z) 

k et 1 peuvent Atre determinees par une methode de regression lineaire, a condition de connaltre 
la loi de variation de At en fonction de l'altitude. Nous admettons que l'erreur a une phase ale- 
a to ire, d'oO 

At = Arc sin (—~—) 

et que Au est, en pratviSre approximation, indGpeidant de l'altitude. La methode de regression 
lineaire permet de determiner At (z) et l'6quation preo6dente permettra d'obtenir Au puisqu on 
connait u (z). On trouve que la valeur quadratique moyenne de Au est 


Au = 2 a 3 nv/s 


On peut "oir d'autre part que si un point t (z) est tr£s eioigne de la droite (>90 ) il 
oorrespord a une .aleur u (z) inferieure a 2 m/s ce qui est une preuve experimentale de la 
determination pr€oedente. 

On explique ainsi pourquoi la phase de l'onde de gravite de la figure 5 presentc des iluc- 
tuations par rapport a une variation lineaire. On voit en effet que l'anplitude de cette orde 
est txfis petite. 




D'autre part on salt que la variance de 1'estimation de k est 


14 


2li Ak 






od N est le ncirbre c 'altitude z^ oonsidfirfees dans la regression linSaire, z 1'altitude moyenne 
et a la variance de * (z). 

Avec 85 km < z. < 105 km et a = 1 radian, on a : 


i Ak = —— km 
|_150_ 


La variance de i.a longueur d'onde est donn&e par 
AX = A 2 Ak 


On voit que plus X Sira grand, moins sa determination sera precise. Qi particulier une 
valeur de X stip£rieure a 150 km ne permettra plus de savoir dans quelle direction la phase de 
l'onde se propage. 

Autres cas observes 


On oonstate parfols que le spectre S (f,k) 3 la frequence f donnfee n'a pas la forme th&o- 
rlque. Deux cas se presentent : 

a) II y a deux pics distlncts ; on peut interpreter le rfisultat obtenu ccmne la superposition 
de deux ondes de frequences fgales ou proches, mais de longueur d'onde diff&rente (figure 8 ) 

b) On a uo pic trds Glargi ; par rapport 3 la forme thfiorique. On peut interpreter ceci oatme 
le resultat de la superposition d'au noins deux ondes de gravity de longueur d'onda proche. 

Dans ces conditions, la longueur d'onde ne pourra Stre d£termin£e qu'avec une erreur plus grande 
que 1'erreur prdoSdennent calcul^e. (figure 9). 

Pouvolr sfeparateu r 

On utilise la m&mi definition qu'en optique. On ne peut sfiparer deux ondes de gravity que 
si Xes maximum d«-s spectres scot assez 61oign3s. La plus petite valeur Ak que l'on peut sSparer 
e 3 t telle que lorsque la valeur du spectre est maximum pour l'onde de nanbre d'onde k, elle est 
nay£e dar.s le brudt pear l'onde de nembre d'onde k + Ak (soit. du maximum du spectre) . 

On en tire 

f Sin 112 Ak I 2 m _1_ 

[ HZ Ax J 10 

soit Ak = -2rZL. 

r 17 j 

Pour Z * 20 km, on a | Ak = ■—— km 1 j 


L'erreur dOe 3 la regression llnSaire #tait de 1 km 1 dans le cas oQ le spectre ^ (f,k) 
fttalt celui d'une code pure. Lorsque ue n'est pas le 1 J cas, on salt qu'il y a plusieure codes 
de gravity, mals leur determination pourra fttre entAcfi6e d'une erreur atteignant —km . 

Les figures 9 et lOnontrent des exerples oO l'on peut Sparer les ondes de gravity at 
des cas oO e'est injossible. 

Ui nAne il exlste une llmite Af telle que si la frequence de. 2 ondes de gravity est lnf6- 
rieure 3 Af, cn ne peut plus les sfeparer. 



T 


oO T es; la p^riode de 1 'Ochantlilcn. 
Pour T = 72 heures Af = —— heure 
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I ll - Stability da la lcrxf « eur d'on d e da* ondea da gravitA 


Pour Atudier la variation des ondes de gravitA au corn's du taupe „ on a effectuA une sArie 
d‘ analyses harmoniques sur dee Achantillons de durAe Agale A 3 jours. Cheque Achantillon eat dA~ 
calA d’un jour par rajport au prAoAdant. On a obtenu ainai 9 analyses harmaniques du 20 Avrll 1970 
au 30 Avrll 1970. Sur chacure d'ellea, cn a charchA & reoonnaitre lea ondes de gravity en utiliaar.t 
les critfires dAfirtis au rfiapltre prAo&dent. La pAriode de oes ondes a AtA dAterminAe seulenent par 
les maximjm du spjctre de puissanoR. 

On a estimA la dur'v' de vie d'une ande de gravity en charchant le ncmbre d'Achantillorui aur 
lequel une onde d'une pAr iocle donnAe Atait prAsente. Cn en a dAduit un histograntne donnant la 
iurAe de vie en function du nonfcre d'Achantllions. 

On voit que trAs peu d'ondes sent prAsentes plus de 3 jours, oe qui confirms qu'il eat il- 
lusoire de fed re des analyses harmcniques sur des pAriodes supArieures. 

On constate dans quelques cas particuliera la prAsenoe de la m&ne pAriode pendant les 9 
pAriodes AtudiAes dans la canpagne. Pour caractAriser plus prAcisAment le phAncm&ne observA, on 
a portA la longuuer d'onde associAe A chaque pAriode (10h.40, 7h.20, 6h.C0, 4h.50). 

La barre d'erreur associAe a chaque longueur d'onde a AtA calculAe soit a partir de la rA- 
gresslon linAaire dans le cas d'une seule onde soit A partir de la longueur du "pic” dans le cas 
de plusieurs ondes de gravitfi insAparables. 

Quand tit oonsldAre involution de la longueur d'onde au oours du temps, on constate qu'elle 
prAsente d' inportantes fluctuations (figure 12.IS)01 on interprSte oe fait en supposant que lorsque 
la longueur d'onde varie brusquanmt, on n'a plus affaire A la mErne onde de gravitA, on est conduit 
3 donner a oes ondes de gravitA une durAe de vie plus oourte que oelle donnAe dans l’histogramne 
de la figure 11 . Le tableau I donne le nombre d'achantillons de 3 jours od l'on constate la prA¬ 
senoe de la mV • onde. Qi partant de oes donnAes, on peut oonstruire un nouvel histogram® qui 
oorrospor 1 a la durAe de vie d'une onde de gravitA du 20 au 30 Avrll 1970.(figure 16) . 

Conclusion 

Cette Atude prAllrunaire reprAsente la premlSre tentative pour observer involution au cours 
du tempo des ondes de gravitA a haute altitude. On a utilisA pour cela une canpagne d'observations 
continues de lO jouia, sur les 8 cwpagnes semblables effectuAes en 1970 ; d'autre part, on s'est 
limltA aouvent a des observations quallt <tives IS od une Atude quantitatives syst&ratique serait 
a faire. Pour toutes ces raisons, les rAsuitats dAcrits doivent Atre oonsidArAs oarrene provisoires. 

On a oapendant pu mettre en Avidenoe une Atude de vie noyenne des ondes de gravitA a haute 
altitude, de l'ordre de 2 A 3 jours, avec plus rarement des ondes dont la durAe de vie peut at- 
teindre 6 jours. XI serait intAressant de comparer oes ordres de grandeur a la durAe de vie des 
phAnamAnas mAtAorologiques qui pourralent Atre une souroe (dlrecte au indirecte) des aides de gra¬ 
vitA observAes dans la haute atmosphere. 
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(U (heurc) 

Fig. 1 F.rreur introduite par la mdthode d'analyse utilise. l.a mlthode d’analyse utilise agit & la manure d’Un filtrc 1 
sans distorsion de phase, maisqui transinet l’ampliinde avec un affaiblissement Uo/u 0 fomction 
de la p6riode. Pour p > 15 les courbesde rtponse de ce filtre varient peu autour d’une courbe .moyenne. 
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Fig.6 Spectre de puissance de l'onde de p^riode 3h 57 




















Fig.ll Variation du nombre d’onde en fonction de I’echa;tiikrn. T = !0h 40 Avril 1970 Fig.12 Variation du nombre d’onde en fonction oe l’echantillon. T = 7h 20 AvriJ 1970 
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Fig. 13 Variation du nombre d onde en fonction de l’echantillon. T — 6h 00 AvriJ ] 970 Fig. 14 Variation du nombre d’onde en fonction de l’£chantilk>n. T = 5h 40 Awil 1970 
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SOWAIRE 


Om a analyse an detail das donnfies obtenues de 196L A 1968 grace A ur. sondour (ou "Radar IIT") 
par retrodiffuaion, A haute frequence at faisceau Ftroit, avec b ally age en site et azimuth, situi A 
Boulder, Colorado, Cette analyse a r£v£l£ que la "structure irrtguliSre" de I'ionosphAre aux latitu¬ 
des aoyannea constitue la rAgle g^nArale plutSt qu'une exception. Den irrSgularitfis d'ampleur et de 
aouvsmant apparent varies furent observfees dans environ 90 S des cas, Les "signatures" observes par 
ce SyatAme Radar HF ont 6 t 6 classAes en huit types g6n£riques auxquexs on a attribuS des noma qui 
dicrivent approximatiyement leur aspect sur l'enregistreaent du balayage en site et azimut, L'auteur 
examine la frequence d'apparition relative de ces signatures suivant le moment du jour et la aaison, 
aiusi que leur correlation avec le cycle qualitatif des taches solaires et le giomagnAtiame, 

Un type particulier de "signature" a £t£ analyst grace A une trajectographie A troia dimen¬ 
sions, avec calculs sur ordinateur, mise au point A 1'ITS j on fit appel A des donnAes exp6rimsnta- 
lea pour modifier un modAle de perturbation causSe par une onde de gravity atmosphtrique, L' "enre- 
giatraaent de retrodiffuaion syntbfetique" s'avAra aasez proche de l'enregistrement experimental ef- 
fectui grace au Radar HF pour juatifier l'utilisation de cette methods dans 1'interpretation dea don- 
nCaa de retrodiffuaion. 
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NARROW-BEAM HF RADAR INVESTIGATIONS OF 
Ml PLATITUDE IONOSPHERIC STRUCTURE AND MOTION 


Fobert P. Hunsucker * 
Geophysical Institute 
University of Alaska 
College, Alaska 99701 


- SUMMARY 


Oata acquired from 1964 - 1968 with a narrow-beam azimuth and elevation scan high-frequency back- 
scatter sounder (or "HF Radar") located at Boulder, Colorado, have been analyzed In detail. This analysis 
has revealed that the "Irregular structure" of the midlatitude Ionosphere Is the rule rather than the ex¬ 
ception. Irregularities of varying scale size and apparent motion were present in about 90| of the obser¬ 
vations. The "signatures" observed by this HF Radar System have been categorized Into eight generic types 
which have been labelled with names roughly describing their appearance on the range-azimuth scan record. 
The relative diurnal and seasonal occurrence as well as the qualitative sunspot cycle and geomagnetic 
correlation of these signatures are presented. 

One particular type of "signature" was analyzed using a three-dimensional computer ray-tracing 
technique developed at ITS, utilizing experimental data to modify an atmospheric-gravity-wave disturbance 
model. The "synthetic backscatter record" was sufficiently similar to the experimental HF Radar record to 
justify this approach In the interpretation of backscatter data. 


I. INTRODUCTION 

Hany investigators have utilized the HF backscatter technique to measure various parameters of the 
ionosphere, beginning In the early 1950's. Some of these Investigators have been concerned with the 
characteristics (height, speed, direction of motion, and structure) of patches of sporadic-E ionization 
[VII lard, et al., 1952; Clark and Peterson, 1956; Shearman and Harwood, 1958; Harwood, I960, 1961; Bates, 
1961; Dueho, 1962; Egan and Peterson, 1962; Steele, 1964; Bates, 1965], Other investigators utilized the 
technique to ascertain Irregularity structure In the F-region tv 11 lard and Paterson, 1952; Silberstein, 
1954; Shearman, 1956; Peterson, 1957; Wilkins and Shearman, 1957; Wlddel, 1957; Stein, 1958; Valverde, 
1958; Bates, 1959, 1961; Egan and Peterson, 1963; Ranzl and Dominic!, 1963; Tveten, 1961; DuePto, 1963; 
Davis, et al., 1964; Wickersham, 1964; Gilliland, 1965; Croft, 1967; Hunsucker and Tveten, 1967; Croft, 
1968]. 


The purpose of this paper Is to present the results of observations of the midlatitude Ionosphere 
using a narrow-beam high-frequency (HF) obiiqua-Incidence backscatter sounder scannable In azimuth and 
elevation which has been developed at the Institute for Telecommunication Sciences in Boulder, Colorado. 
Except for the cases of direct backscatter from meteor and intense sporadic-E ionization and some F-region 
irregularities, the data obtained are ground backscatter (gro^ndscatter) "signatures". It is quite im¬ 
portant to emphasize the point that the cathodo-ray-tube (CRT) photographs displayed in this paper are 
simply the "backscatter signatures" obtained by this particular system. In order to quantitatively de¬ 
scribe the actual ionospheric perturbations responsible for some of the more esoteric "signatures", It is 
necessary to use rather sophisticated analysis techniques. 

There are four or five backscatter sounding techniques which have been utilized to provide most of 
the observations of ionospheric phenomena reported in the literature. Each of these techniques are briefly 
described in Table l. 


II. EXPERIMENTAL RESULTS 

The Institute for Telecommunication Sciences (ITS) scan backscatter sounder (or "HF Radar") located 
near Boulder, Colorado, is unique in Its combination of narrow antenr.a beamwidths in the HF region, simul¬ 
taneous azimuth and elevation scan, and the ability to be rapidly "stepped" through several frequencies 
during a scan period. Descriptions of some of the equipment parameters may be found In publications by 
FltzGerrell, et. at., (1966); Hunsucker and Tveten [1967); Tveten and Hunsucker [ 1969 ]; and Hunsucker [1970]. 
A more complete description of the entire system Including airborne antenna measurements of the antenna 
radiation patterns was published by Hunsucker [ 1969 ]. The system produces two fan beams, one scanning in 
azimuth and the other simultaneously scanning in elevation. The horizontal scan fan beam Is 2° *3° be¬ 
tween azimuthal half-power points, and the elevation scan beam Is 3° -4° between vertical half-power points 
for the frequencies used In this investigation. 

A picture of the receiving antenna system is shown in Figure I, and a block diagram of the receiving 
system basic electronics Is shown In Figure 2. Table 2 lists the most Important parameters of the azimuth 
and elevation receiving systems, and Figure 3 shows the geographical area scanned by the azimuth array as 
a function of operating frequency. 

The backscatter film data discussed in this and following sections of this paper were obtained using 
the ITS Scan Backscatter Sounder during the period October, 1964, through June, I960. Typically, the 
sounder was operated for I - 10 days per month during this period and It took two minutes to acquire each 

* Formerly at the Institute for Telecommunication Sciences, Office of Telecommunication, Boulder, 
Colorado 80302. 
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Technique 

Typical 

Frequency 

Range 

(MHz) 

Typical Antenna 

Ha If-power Beam- 
widths (degrees) 

Characteristics 


Reference 

Range-azimuth ) 

scan 

-Range “elevation}—-- 

12-25 

Azimuth Elevation 

3°-l .5“ 4.2°-2.1° 

High angular 
resolution 

Limited 
scan width 

Hunsucker 
and Tveten 

0967) ; 





Tveten and 
Hunsucker 

(1969) 

Range-t1me 

Fixed 

frequency 

(HF) 

2o»-30° 

-40“ 

Good range 
resolution 

Poor 
angu1ar 
resolution 

Tveten 
(1961); 
ftanzi and 

Dorn 1 n 1 c 1 
(1963); 

Sweep or step 
frequency 

3- 25 

4- 64 

-20“ 

105“ -60“ 

Resolution 
in frequency 
dome In 

Very poor 

angular 

resolution 

SI Ibersteln 
(1954); 

Bates (l96&) 

Rotating antenna, 

PPI display 

Fixed 

frequency 

(HF) 

-40° -30“ 

Large area 
survei1 lance 

Poor 

angular 

resolution 

Peterson, 
Egan and 
Pratt (1959) 

Rotatable fixed 
frequency 

Fixed 
frequency 
(16 MHz) 

8“ -15“ 

Qu i te good 

angular 

resolution 

Long 

rotation 

time 

(2-3 min.) 

Thomas and 

McNichol 

(I960). 


data photograph. A complete azimuth and elevation scan takes 12 secondSi so each data photo is an inte¬ 
gration of 10 scans. The occurrence statistics in this section are based on analysis of 18,330 data 
photographs acquired starting near the minimum phase (sunspot Number “10) and ending near the maximum 
phase (SSN “106) of Solar Cycle 20. 

Figure 4 shows the data format for the azimuth and elevation scan backscatter data photographs and 
illustrates the type of "signature" that one observes on this type of backscatter data display. 

An attempt has been made to categorize these signatures into eight generic types which have been 
given names roughly describing their appearance on the range-azimuth record. Although the signatures 
being described apply to the aximuth scan record, the elevation scan data are also included and both have 
been dir.cusied in detail by Hunsucker [I 969 I. 

A typical signature designated as a "patch" (P) is shown in Figure 5. It generally has a roughly 
circular or elliptical shape, always is observed at ranges less than the "uniform" echo, and always 
appears to move approximately parallel to the time delay markers (left-to-rlght or right-to-left). 

Another signature is shown in Figure 6 and is called "bands" (B) because it consists of two or more 
echoes structured In roughly parallel bands which appear to move in a direction perpendicular to their 
major dimens ion. 

Additional examples of the "signatures" observed using the ITS azimuth and elevation scan system as 
well as many examples of data obtained by other backscatter techniques are contained in a data atlas re¬ 
cently published [Hunsucker, 1970], 

Occurrence statistics for the various signatures observed with the ITS backscatter sounder are pre¬ 
sented by Hunsucker [1971 a] and summarized in Table 3- The most commonly observed signature was the 
(HSB) type. Examination of Table 3 r eveals that only the hook (H) and patch (P) signature types are 
nighttime echoes while all the others show maximum occurrence during the daytime. The medium-slzed-blob 
and fine structure types are the roost common echoes and the H type is the least common. The LSB, FS and 
P signatures show a clear maximum during mid summer; the B-type echo appears tc. be a wintertime phenom¬ 
enon and the remainder of the signatures show mixed seasonal occurrence statistics. The association of 
signature type with sunspot activity was done on a daily basis, and the comparison with geomagnetic 
activity used 3-houriy Kp values. The data were of such a nature that strictly quantitative comparisons 
could not be made; so the last two lines In Table 3 show a plus sign (+) for a positive association, a 
minus sign (-) for negative association and a zero (0) for no association. 


III. DISCUSSION OF RESULTS 

The purpose of this section Is to attempt to gain some Insight Into the nature of the Ionospheric 
Irregularities which produce certain "signatures" observed by this particular backscatter system. The 
approach used here Is to analyze one of the characteristic signatures in considerable detail utilizing 
whatever other simultaneous geophysical data are available [Hunsucker, 1971 b]. 
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Table 2. - System Parameter! 

Azimuth .Array (1392 ft. aperture) 

Elements: Log periodic horizontally polarized transposed dipoles 
Frequency, 12-25 MHz 
Gain, 5 dB above isotropic 
Front-to-back ratio, 20 dB 
E plane beamwidth, 72* 

H plane beamwidth, 115* 

Element spacing: 17.67 m 

Element height above ground: 2k,38 m 

Boreslghc azimuth: Ilk* true bearing 




Hor1zonta 

Antenna 




Horizontal 

Main lobe 

Width of sector 

Frequency 

(MHz) 

beamwidth (deg) 

elevation 

(deg) scan (deg) 

12 


3.0 

Ik.a 

90 

15 


2.3 

If.8 

69 

18 


2.0 

9-8 

56 

21 


1.7 

8.k 

k8 

25 


1 .k 

7.1 

kO 

Elevation Array 

(1000 ft. effective aperture) 



Elements: 

Same 

as for azimuth array 



Element Spacing 

First element 8 m above ground and 

rema1ning 

ones successively spaced at 16 m 

BoresIght 

azimuth: Ilk* true bearing 





Vertical 

Antenna 




Vertical beamwidth 

Effective Elevation sector 

Frequency 

(MHz) 

(deg) 


scanned (deg) 

12 


k.2 


3-52 

15 


3.2 


2.6-39 

18 


2.8 


2.3-32 

21 


2.k 


1.9-26 

25 


2.0 


1,5-22 


Table 3 



Signature Type 

Occurrence 

Statistics 

u 

LSB 

MSB 

FS 

T 

H 

B 

p 

Relative Occurrence* 

.31 

■ 33 

1 .0 

■ 97 

.57 

.18 

.3k 

.kl 

Diurnal Peak Occ. 

08-11 

Ik-15 

12-lk 

09-16 

08-16 

18-24 

08-16 

21 -2k 

Diurnal Min. Occ. 

17-19 

00-07 


00-06 

00-06 

1 i-ik 

00-08 

17-24 

11-14 

Seasonal Peak Occ. 

April S 
Nov. 

Juno 

July 

Jan. A 
July 

Ju ly 

Hay 

May 

Feb. 

Dec. 

July 

Seasonal Min. Occ. 

July 

Aug. 

Apr 11 

Ma<-c.h 

April 

Equinoxes 

--- 

March 

April 

July 

March 

Cor relation with 
sunspot Number 

4 

- 

- 

- 

- 

0 

•V 

- 

Correlation wlth 
Geomag. Activity 

0 



♦ 

4 

4 - 

4 

_j 


* Normalized to MSB ■ 1.0 
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Figure 6 illustrate? the "Bands" signature and them Is considerable evidence that this type of 
signature Is caused by travelIng-lonospher1c-dIsturbsnces (TIDs) which are man IfestatIons of Interna! 
atmospheric gravity waves (Mines, I960; Hunsucker and Tveten, 1967; George., and Stephenson, 1969). In 
particular, Georges and Stephenson (19691 use an Ionospheric model perturbed by a gravity wave to simu¬ 
late a record with the "bands" signature. TIos have been classified as "Very large, Medium-Scale, and 
Small-Scale" disturbances by Georges (1967). He lists some of the characteristics of the "medIunr scale" 
TIO as: 


1. 

Always travel at speeds of less 

than 31 

2. 

Have periods, 10 min <T< 40 min. 


3. 

Appear mainly In the daytime. 


4. 

Are not well correlated with any 
qeophysical events. 

known 

5. 

Often appear as "trains". 



A backscatter "band observation at 1330 MST (2030 UT) on November 17, 1966, at a frequency of 
17.A MHz is chosen as the "signature" to be analyzed. This observation war. made during a relatively 
undisturbed day, geomagnetlea Ily. 

Vertical Incidence Ionospheric soundings were available during chls period from stations at Ponca 
City, Oklahoma; Texarkana, Arkansas; and Springfield, Missouri -- all In the scan sector of the back- 
scatter sounder. The vertical lonograms from tiiese stations at the time of the backscatter observation 
indicate that the ambient Ionosphere was quite uniform over a large part of the scan sector. 

A "true height analysis" was performed on each of the vertical lonograms to obtain the vertical 
electron density distributions and to define the heights of layer maxima (h max) and the scale heights 
(H). The most. Important layer parameters are listed in Table 4, showing In a more quantitative manner 
that the ambient Ionosphere was quite uniform over a large horizontal region of the backscatter scan 
sector. 


Table 4. 



E-Layer 

F-Layer 

Station 

fc (MHz) 

h m 

H (km) 

fc (MHz) 

n (km) 
m 

H (km) 

Poncn CIty 

2.94 

111 . 

8.70 

9-93 

257. 

36.1 

Springfield 

2.86 

122. 

1 1 .0 

9-99 

273. 

35.8 

Texarkana 

3.05 

129. 

13-7 

9.67 

289. 

42.2 

Aver anes 

2.95 

121 . 

II.1 

9.86 

273. 

_ 

38.' 


The average values of the parameters listed in Table 2 are used to describe a double, concentric 
a-Chapman layer defined by 


f N “ ’ f Cl ex e 1 




rI - 77 -€ * 2 i 

exp (- *-= -] 


f^ - plasma frequency 

*1 - (h - h mj )/Hi 

*2 " < h ' h m2 )/H 2 

h - height above ground 

f - critical frequency of F-layer (MHz) 

*-1 

f ■ critical frequency of E-layer (MHz) 
c 2 

Hj • scale height of F-leyer (km) 

H 2 “ scale height of E-layer (km) 

h - height (km) of F-layer maximum Ionization density 

h m - height (km) of E-layer maximum Ionization density 


This ambient ionosphere perturbed by the wave model discussed later is used to obtain the "3D ray- 
sets" In computer programs developed bv Jones (1966), and Stephenson and Georges ('9691. 

There is considerable evidence which Indicates that the "medium-scale" TICs cannot always be observed on 
vertical lonograms but can be detected by other more sensitive radio techniques such as Doppler or oblique 
backscatter soundings. Another method of observing the medium scale TIDs is to scale the variation of 
Ionospheric virtual height with time at selected fixed frequencies from vertical lonograms. Figure 7 
shows plots of virtual height variations during the backscatter observations. 


oil 








In order to determine the fixed frequencies on the vertical lortogram which pertain to the Iono¬ 
spheric region where the backseat tar sounder Indicates TIPs, the following technique w*s used, first, 
from the backscatter azimuth and elevation record at 2030 UT the delay time end eleuailnn angle were 
recorded. Next, these values of elevation angle and delay time were used as Input to a computer program 
developed at ITS to calculate secant f for curved earth, parabolic Ionospheric electron density distribu¬ 
tion. Or, alternatively a nomogram described Iri detail by Tvaten and Hunsucker 11969] was used. This 
secant } value and the radar operating frequency were then used In the secant laty to obtain the appro¬ 
priate plasma frequency to ue scaled on the vertical lonusonda record. Tl^e values obtained (5,5, 8.0, 
and 9.0 MM;) were then the plasma frequencies corresponding to the locations of the lonosondes at Ponca 
City, Springfield and Texarkana respectively. In relation to the radar operating frequency. The back- 
scatter delays were measured at the appropriate azimuth angle for ewch ionosonde location. The vertlcel 
line In figure 7 indicaves the time 6f the backscatter observation and the arrow at 1720 UT shows a mag¬ 
netic storm sudden commencement (SSC). Nagnetograms from Dallas, Texas, were examined in detail and 
there was no correlation between the Ionospheric and magnetic data. 1 

Examination of the simultaneous backscatter observations and virtual height variations (Figure 7) 
reveals the following characteristics of this TI0 signature: 

a. fhe TIDs appear In "Trains" (from backscatter record) 

b. The approximate horizontal TIO separation Is =225 km. 

(Estimated from backscatter record.) 

c. The periods range from -IS to 30 minutes (from Fig. 7). , 

d. The vertical wavelength Is =225 km (from Fig. 7). 

e. There Is no apparent correlation with magnetograph variations. 

Comparing these observations with the "medium scale TID" characteristics listed at the beginning 
of this section seefos to justify our working hypothesis that we are. Indeed, observing the medium scele 
TIDs. 

f i 

The ambient Ionosphere described earlier Ir this section Is non perturbed with the "medium scale" 
gravity wave model developed by Georges and ( Stephenson [1969] modified by the results of the experimental 
backscatter ana vertical incidence data obtained at 1330 H$T November 17, 1968. Mathematically the com¬ 
plete model Is described by the equations [Georges and Stephenson, 1969, p. 682] 

N - N 0 (I + V) 

1 I 

and ^ (R—R ) 

V « 4exp (-[(R-R e *Z o )/h‘] 2 }cos 2s [t 1 - + —— — ] I 


R « distance from the center of the earth 

n " polar angle (-J- - latitude) 

‘ -sr ! 

R e » radius of the earth 

*N q « the double Chapman layer described earlier 

*Z Q « height of maximum wave amplitude 1 

H' • the wave amplitude "scale height" 

*4 - perturbation wave amplitude 

« horizontal wavelength 

*X - vertical wavelength 

t 1 • time in wave periods 

The asterisks denote quantities determined experimentally, and the remaining Quantities are obtained 
from the theoretical gravity wave nxjdel. The next step Is to carry out a three-dimensional (30) ray 
tracing through this model to obtain the "rayset" cards, which are then used in the backscstter simulation 
program. 

Figure 8 shows the experimental azimuth scan record pn the left and the synthetic backscatter rec¬ 
ord from the 3D ray tracing and simulation on the right for 1330 HST on November 17, 1966. Before i 

attempting a detailed comparison between the two records, several features of the experimental tecord 
should be explained: (I) the vertical band near the center of the azimuth scan sector Is due to strong 
HF Interference and will not, of course, appear on the synthetic record. (2) the receiver video gain 
was set too high and consequently there were some saturation effects In the cathode-ray-tube and photo¬ 
graphic recording process. 

There are some strong similarities between the two records: (I) r.hp "band" structure is at the 
same range of time delays In both records. (2) the orientation and curvature of the bands Is very sim¬ 
ilar (3) there are ipproxlmately the same number of bands In both records. 

The strong focused echo between 8 and 10 msec delay,In the experimental record does not appear In 1 
the synthetic record. From examination of several experimental azimuth and elevation scan records and 
evaluation of the experimental parameters, It appear t that this echo, is .post probably a combination of a 
gain saturation and an antenna sldelobe (equ1pmentl effect. 







In summary, tnere are enough similarities between the experimental backscattar TID signature and 
the simulated record to suggest that this analytical approach is a valid one. However, In applying the 
ray-tracing simulation approach, one must always remember that the basic question of "uniqueness" re¬ 
mains unanswered. That Is to say, wll, different Ionospheric perturbation models produce essentially 
the tame simulated signature? 

An ever, more difficult problem Is the attempt to ascertain the nature of the source of the Internal 
gravity waves that produce the TIDs. The difficulty of this problem Is Illustrated by the following 
crude entenna-array-factor analogy. One may roughly consider the source of the disturbances as a rad¬ 
iator of er.ergy In the internal gravity-wave mode which is then multiplied by several antenna-array 
factors and finally convolved with the response characteristics of the pai;'.lcular observing system, as 
shown In figure 9- 

Thu energy sources of Internal gravity waves ere thought to be numerous and to vary in their loca¬ 
tion In altitude from the surface of the earth to ionospheric heights [Georges, 1968), but relatively 
nothing Is known about their polar diagrams, f.e. whether they radiate energy Isotropically or In a 
imi 111 -1obed manner. For sources located low In the atmosphere, the source polar diagram would have to be 
multiplied by array factor I, which describes the atmospheric wind structure existing at the time [c.f. 
Hines and Reddy, 196/). Array factor 2 represents the Ionospheric response to Internal gravity waues, 
which Is highly anisotropic, as has been shown recently by Hooke [19/0). Lastly, f ray factoi 3 repre¬ 
sents the response characterlstles of the particular radio technique useo to detect the TIDi (e.g., HF 
backscattar sounders, spaced ionosondes, Thomson scatter radar, Faraday rotation). Each of the various 
radio techniques will Inherently be Masod in such a way as to emphasize certain character I s t les of the. 
TIOs. 


The ^receding discussion is only Intended to portray some of the difficulties one encounters In 
attempting to gain information on the ultimate source of the TIDs that are observed by radio methods. 


IV. CONCLUSIONS 

The specific results of ..his investigation are: 

A. Based on examination of several thousand frames of data obtained with the ITS HF Radar, it Is 
apparent that the "Irregular-structure" of the midlatItude ionosphere Is the rule rather than the ex¬ 
ception. That is to say. Irregularities exhibiting a wide variation in size and lifetime are observed 
most of the time. The "uniform" backscatter signature mentioned In Table 3 was only observed approx¬ 
imately 6i of the time during an observing period of several years spanning over one-half of a sunspot 
cycle. This midlatitude ionosphere "Irregular-structure" is largely "washed out" when one sounds the 
Ionosphere with the wide antenna beams used in most bacl.sca’ ter sounding techniques. 

e. In compiling an "atlas" of midlatitude backscatter "signatures" observed with the ITS/ESSA 
high resolution HF radar, the signatures have been categorized Into eight generic types which have been 
labelled with names roughly descriolng their appearance on the range-azimu f b record. Examination of 
several thousand frames of data has revealed that over 901 of the signatures fall into these eight class¬ 
ifications or their various combinations and permutations. 

C. Ore particular type of signature, the "bands" illustrated in Figure 6 has the characteristics 
of the "medium-scale" TID In Georges' (1966) classification scheme. If one assumes his medium-scale 
gravity-wave TID model and utilizes experimental data to construct the model und define the ambient iono¬ 
sphere, then perform a 3D ray-tracing and backscatter slmulat'un computer analysis, a synthetic back¬ 
scatter record is obtained. There are enough similarities between the experimental TID signature and 
the simulated record to justify the use of this approach In the analysis of backscatter data. 
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Fig.l Azimuth and elevation scan receiving antenna located at ITS Table Mountain Field Site near Boulder, Colorado 



Or* of Four Booms. 


Two Bsams for Eoct> Array 


Fig.2 Simplified block diagram of receiver antenna system electronics. 
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Fig.7 Plots of virtual height at fixed frequencies from the three vertical ionosondes during the backscatter 

observation. 



Fig.8 Experimental azimuth scan backscatter reocrd (left) and synthetic backscatter record (right) for 1330 MST 

November 17, 1966. 



Fig.9 Antenna-array-factor analogy for determiiiution of the nature of TID sources. 
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AN IMPORTANT CHARACTERISTIC OP SOME 
TRAVELING IONOSPHERIC DISTURBANCES 

I. Ranzi and P. Qiorgi 
Centro Radioelettrioo Speriment&le 
"0. Marconi" 

V. Trastevere 189,00100-Roma-Italy 
SUMMARY 

The observation of the F2 region winter TIDa, by means of vertical sounding on a fixed 
frequency, showed that the occurrence tine of some TID groups anticipates from day to day 


1. EXPERIMENTAL RESULTS 

During the last four winters, the observation of large scale traveling disturbances 
(TIDs) in the F2 region was carried out in the experimental station of Torreohiaruooia, 
near Rome (lat. 42.03° N, long. 11.84° E), by means of contemporary backscatter sounding 
on 18.6 MHz and vertioal sounding on 6.8 MHz. Furthermore, during some months, a vertical 
sounding on 6.7 MHz was carried out at Pontecohio Marconi, near Bologna (lat. 44.4° N, 
long. 11.2° E), at a distance of 265 km from Torrechiaruccia, in the direction of 10° 
from North to West . The time delay between the passages of a given TID group (direoted 
towards the equator), over the two stations presented a maximum value of about 30 minutes 
which corresponds to a speed of 530 km/hr along the great oirole passing through the two 
stations; an example is reported in Fig.1. 

The vertioal sounding records, taken at the main Btalion of Torrbchlaruocia, showed 
that, during the daily hours, the TIDs generally appear as a sequence of two or more 
oscillations in the virtual reflection height or a sequence of some focusing effects, 
which are particularly well visible in the second echoes; the period of each osoillation 
is of the order of one hour; furthermore, these more intense TIDs appear in groups of 
days, separated by days of reduoed activity. 

But the more interesting characteristic we observed in many oases is that the TID 
sequences show a day-to-day anticipation in their occurrence time; an example is reported 
in Fig.2. During winter 1971-1972, the periods during which such a phenomenon was 
observed were the following: 19,20 and 21 Nov ; 23 and 24 Nov ; 29,30 Nov and 1 Dec ; 

6,7 and 8 Deo ; 20,21 and 22 Dec ; 23,24 and 25 Deo ; 27,28 and 29 Deo ; 5,6 and 7 Jan ; 
12,13 and 14 Jan . A remarkable similarity of structure was showed by the TID trains 
occurring in the various days of a given period. 


2. A TENTATIVE EXPLANATION 

If the observed TIDs were due to gravity waves generated in the lower atmosphere, 
the propagation of these waves to the F-region should depend on the direction and the 
intensity of the tidal winds at the lower ionospheric levels, which produoe a filtering 
action; in the case of a moving souroe of the gravity waves, the time, on whioli such a 
propagation is allowed, should show a day-to-day change (+). 


(+) we are indebted to Dr. C. 0. Hines for the suggestion of thie interpretation. 
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Fig,2 The TID group first appearing on the afternoon of December 6, 1971, is seen earlier on the two following days. 
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PERTURBATIONS IONOSPHERIQUES CAUSEES PAR DES CMDES SONORES A PERI ODE 
LCNOJE ENGENDREES PAR EES iANCOCNTS Dfc SATUpNE-APOIJjO 


par 


G,L, Rao 


SOMURE 


De* perturbation*) ea forme d'ondea furent obaervSes dans l'ioncBphJre a is suite de plusieurs 
explosions ouclSaires, au d£but des arniSes 60 , 1*3 ondes de choc superBoniques cr£fes dans I'atmo- 
rphire par des fus 6 ee de graudes dimensions peuvent egalement donner nuissnnce a rtcs perturbations de 
densitS d'Electrons dans I.’ionosphere, A X'occasion des lancementD de tiaturne-Apollo 12 et 13 ; on a 
utilise un r 6 seau d'obaerration doppler de trajeta de phase et enregiatrS Cos dfcplacements de'frequence 
doppler due aux lancement* des fusees, Des analyses de density cpectrale et des inter-corrSlatioru des 
enregiatrement* de variation de friquence doppler rSvSlercnt lea viteaaes de phase d’arrivte de signaux 
qui prove aaient du 8 ud du rtseau, avec 700-800 m/s, et correspondaient a des pfriodes de I'ordre de 
2 i li minutes. Den ioncgramaes effectuia toutea lea 6 o secondes A partir de. Ilea Wallops mirent clai- 
rotent en Evidence des perturbations ionosphhriquea dues aux fusses, line analyoe de hauteur reeile des 
ionogrejutes indiqua que lea ondulntione affectant lea denaitSa flectroniquer 4 diyeraes hauteurs avaient 
uns pSriode de 2 4 U minutes. On estima 4 U50 m/a environ Icb vitesaes de groupc, o’lteivies a partir des 
premieres pert urinations visibles obeervSea sur les enregist rements dopplet an ondea entretenuss et lea 
icmograaatte, et 4 partir doa dnnuSes relatives 4 la trajectoires de la fieCe, On peut expliquer ces ar- 
riv£ea de signaux comae un effet de guide d'ondea dans lequel le aon eet r 6 flecni dins oa totalite a 
part.ir de la thermosphere par la courbure des rayons, et entiirement (ou presque entiireawnt) r 6 fl 6 chi 
4 partir de la m6soaph4re sous-jaeente du ffcit des gradients de density plus 61ev£a, et, par consequent, 
de 1 *augmentation de la frequence de coupure acoustique, Ainsi, le son et, par consiquent, la perturbs 
tion, est canalisS au voisinage de la nSsopause et de la basae thermosphere, 
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IONO SPH ERIC DISTURBANCES CAUSED BY LONG PERIOD 
SOUND WAVES GENERATED BY SATURN-APOLLO LAUNCHES 


Ganti L. Roo 

Resea-eh Institute, University of Alobama in Huntsville 
Huntsville, Alabama 35807 U. S. A, 


SUMMARY 


Wavelike disturbances were observed in the ionosphere following several nuclear explosions in early 1?60's, Super¬ 
sonic shock waves within the atmosphere generated by large rockets can cause ionospheric electron density perturbations. 

A CW phase path doppler array in the New York area was operated during the Saturn-Apollo 12 and 13 launches and recorded 
doppler frequenc/ fluctuations due to rocket launchings. Cress correlation and power spectral analyses of the phase path- 
path doppler frequency variation records shov/nd that the phase velocities of the signal arrivals were from South of the array 
with 700 - 800 m. sec. -1 corresponding to periods in the range of 2 - 4 minutes, ionograms taken every 60 seconds from 
Wallops Llartds showed clearly ionospheric disturbances due to rockets. True height analysis of the iomgrams showed that 
the undulations in electron densities at various heights has a period of 2 - 4 minutes. The group velocities were estimated 
to be of the order of 450 m. sec. ’ obtained from the earliest visible disturbances seen on CW phase path doppler records 
and ionograms together with the rocket trajectory data. It may be possible to explain these arrivals of signals in forms of 
wavo guide effect in which sound is totclly reflected from the thermosphere by the bending back of rays, and is totally (or 
almost totally) reflected from the underlying mesosphere because of stronger density gradients and consequent increase in 
the acoustic cut off frequency. Thus, the sound and, hence, the disturbance is channeled near the mesopause and the 
lower thermosphere. 


I. INTRODUCTION 

Wave like disturbances were observed in the ionosphere following several nuclear explosions in the rorly 1960's. 

Baker (1968) detected these ionospheric distu'hpnces due to atmospheric nuclear explosions at 150 - 200 k-rr altitude with 
periods of one minute and speeds 300 m. sec. ” . The periods and propagation characteristics of the ionospheric disturbances 
were found to be essentially the same as those observed on the ground, Baker (1968) interpreted therv ionospheric disturb¬ 
ances as manifestations of imperfectly ducted acoustic gravity waves. Acoustic signals which can propagate long distances 
(of the order of thousand kilometers) fiom large rockets were also detected and reported (Donn et al., 1968). 

Supersonic shockwaves within the atmosphere generated by large rcckets con ..ruse ionospheric electron density varia¬ 
tions. Ionospheric variations due to Saturn-Apollo launches were noticed firm the ionogrems taken at Grand Bahama Islands 
(Eehr, 1968). Disturbances on Grand Bahama Island ionograms were observed for a period of almost *wo hours after the 
launch of Saturn-Apollo rocket These disturbances first upper-red as a kink on the ionogram which appeared to have traveled 
downward. Disturbances such as these were also obeen'ed by Golomb et al. (1963) during high altitude chemical release 
experiments. In thi- paper, ionospheric perturbations caused by Saturn-Apollo rocket launchings were detected by using 
CW doppler array and conventional ionosonde and interpreted os long period sound waives. 

II, CW DOPPLER ARRAY 

Ionospheric observations were made "sing an array of CW doppler sounders and an ionosonde. The CW doppler system 
was built similar to Davies’ system (Davies, 1962; Davies and Baker, 1969). A significant difference between Davies system 
and our system is in the presentation of data. In our system, the doppler signal was digitized apd stored in digital magnetic 
tape, whereas in the Davies system, the signal was recorded in analog form. The distal foim of recording of data allows 
the use of digital processing techniques such as cross correlation, digital filtering, power and cross spectral analyses. The 
doppler technique is very sensitivu to phase path changes and the sensitivity in its present stare of development is about 0.1 
Hz, that is, phase path changes as small as 1/10 of a radtoweve length per second can be measured. At 4 MHz, this 
corresponds to dp/dt « 7,5 m. sec. " . The geographic location of the CW doppler sounder system is shown in Figure 1. 

Two CW transmitters operating at 4.8 MHz and 6 MHz were continuously monitored by the receivers located at Catskill, 
Thornhurst, Lebanon and Westwood. The receiver outputs were digitized and transmitted by telephone lines to the central 
station, Westwood, for storage on magnetic tape. The data stored on the magnetic tape was later subjected to analysis for 
furthe, study. 
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III.. OBSERVATIONS AND RESULTS 




The CW doppler array wot in operation at Westwood, New Jersey, during the launches of Soturn-Apollo 12 and 13 
rockets, .These rocket launchings produced Ionospheric perturbations which were successfully detected using our CW doppler 
array (Tolstoy, Montes, Rao, and Willis, 1970)'. Figure 2 shows the CW doppler record for Soturn-Apollo 52 launch orr 
November 14, 1969. The CW doppler data for Lebanon arid Thornhurst immediately before the signal arrival between the 
time windows 1100 to 1220 EST was subjected to cross spectral analysis to study the background noise coherence as shown in 
Figure 3. It can be seen from Figure 3 that the background noise coherence is rather poor in the entire period bond and re¬ 
mained leu than 0.2. Cross spectral analysis between several station pairs during the time of signal interval 1220—1340EST 
wns adopted to find the dominant periods. The results of the cross spectral analysis are presented in Figures 4, 5, and 6.: It 
can be seen from the figures that during the time window 1220-1340 EST, there is a concentration of energy in the period band 
1 to 5 minutes and ; n all station pairs the coherency remained over 0.75. The CW doppler data was then filtered, using a 
bandpass filter of 1 to 5.02 minutes and the respiting plots for Apollo 12 and 13 are shown Jr, Figures 7 and 8. 

Cross correlation analysis between station pairs was used for Apollo 12 CW doppier data to compute the phase veloci¬ 
ties of the signal arrivals. The results of the analysis are shown in Table 1. The average phase velocity was found fo be 
700-800 m. sec - * coming from south of the array. The variations in the phase velocities during the signal may be due to the 
nature of the source, which is a supersonic disturbance moving in both horizorpal and vertical dimensions. Also, there are 
rome inherent experimental errors due to the obliquify of the received radio waves. The apparent direction of signal arrival 
intersects the ground level projection of the tiajeetory at a point approximately 30.7 °N, 72.8 °W. The approximate alti¬ 
tude of the vehicle at this point was about 160 km. The group velocities of the signal arrival were estimated by using begin- . 
ning and ending times of the recorded disturbance together with the trojectoiy data. This gave group velocities between 
450 and 220 m, sec . 

i 

An ionoronde was in operation at Woiiops Island, Va., duiinq Apollo 12 launch ond the ionograms were taken every 1 
minute immediately after launch for a period of two hours. These ioncgrams were examined to detect any disturbances 
caused by the Saturn rocket. It was found that a kink on the ionogram near the ordinary Fo layer critical frequency appeared 
which slowly moved downward and finally merged into F2 layer ordinary trace. Several additional stratifications (traces) 
were olso noticed all over the Fo region indicating the disturbed nature of the ionosphere. The ionograms were then subjected 
to true height analysis to study tno electron density fluctuation; due to the Saturn rocket. Electron density variations at 
various heights at 10 km interval were plotted against local time and the plot is shown in Figure 9. It can be seen from the 
figure that the undulations in electron density ct various hoiqhts has a period pf 2-4 minutes. 1 It might be of interest to note 
that the maximum effect oh the ionosphere by the rocket was felt around 1218 hours. If the distance between Wallops Island 
and grqund range of rocket; when in F2 region was taken approximately as 1000 km, then the group velocity of the arrival 
of the signal to ionospheric levels over Wallops Island wes of the order of 45p m. sec - *. Tolstoy et al. (1970) tried to ex¬ 
plain the signal arrivals with group velociries 450 m. sec - * corresponding to periods in the range 7^4~minutes and the hori" 
zontal phase velocities near 800 m, sec - *, in terms of wave gu'de effect in which sound is totally reflected f-om the ther¬ 
mosphere by bending back of rays, and sound is totally (or almost totally) nsflected from live underlying mesosphere because 
of stronger density gradients and the consequent increase in the acoustic cutoff frequency. Thuslthe disturbance' is channeled 
near the mesopause and the lower thermosphere. i 

I ! '■ , 
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TABLE 1 

FhoM vaiocitias of tha Scturn-Apollo 12 lignal arrival at Man 
on Wastwood, New Jortay CW dopplor array. 



Velocity 

Direction 

TEST) 

(mTTS^l) 

(Kogrom mooturad 
felt of Norfh) 

1225 - 1235 

810 

185 

1238 - 1248 

806 

178 

1251 - 1301 

750 

176 

1304 - 1314 

700 

177 

1317 - 1327 

650 

140 
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Fig.2 CW doppler record Saturn-Apollo 12 rocket signal. 
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Fig.3 Cross spectral plots of CW doppler record before the Sauirn- 

Apollo 12 signal arrival. Fig-4 Cross spectral plots of CW doppler signal between Lebanon 

and Westwood. 
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Fig.5 Cross spectral plots of CW doppler signal between Lebanon Fig.6 Cross spectral plots of CW doppier signal between Catskill 

and Thorr.hurst. and Thornhurst. 
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Fig.7 The 1.0 - 5.0 minute band pass filtered CW doppler record showing Saturn-Apollo 12 signal. 



APRIL II 1970 

Fig.8 The 1.0 - 5.0 minute band pass filtered CW doppler record showing Saturn-Apollo 13 signal. 
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OBSERVATIONS UE PERTURBATIONS IONOSPHERIOUES ITINERANTES EFFECTUEES 
A LONDRES (CANADA) 


par 

J, Litva 


SOMA I RE 


L'auteur rend compte de certaines observations de perturbations ionosphgriques itingranteB 
(PIIs) effectuges a Londrec (Canada), Pour procgder & ces observations, on a eu roccurs a une nou- 
valle technique, decrite en detail, et qui contiste a meBurer l'angle d'arrivge et les variations 
d'amplitude des ondes radio ae propageant ft travers 1* ionosphere a partir de regions localieges 
d'emission accrue sur le diaque solaire. Un examen des observations antgrieurea indique uu maximum 
de quatre cycles d'ondes dans lea trains d'ondes de8 PIIb, Les observations dont il est rendu compte 
ici rgvSlent clairement la prgsence de trains d'ondas de Pile jusqu'ft quatre foie plus longs, et 
comportant de 15 a 18 cycles d'ondes, D'apres les meeures effectuges, les dgflexions angulaires de 
la ligne de visge solaire a 51,7 MZz varient de ± 6 ft t 20 minutes d'arc ( sur la base de ces chif- 
fres, on calcule que les perturbations de densitg d'glectrons sent de l'ordre de 1 ft 2 X. Les varia¬ 
tions d'amplitude obaervges, correspondant aux scintillations ft angle d'arrivge le plus grand, gtaient 
d'environ 5 dB, 

Les PIIs se classaient essentiellement en deux catggorics : l'une dont la pgriode gtait d'en- 
viron 6 minutes, l’autre dont la pgriode atteignait 21 minuteB, Les perturbations de la premiftre ca- 
tggorie se deplaqaient ft une vitesse d'environ 200 km/heure, avec une longueur d'onde correspondant.e 
de 20 km. La vitesse des perturbations de la deuxiftme catggorie variait entre 800 et 2 000 km/beure, 
avec une longueur d'onde correspondante allant de 300 ft 700 km | d’autre part, elles se dgplaqaient 
suivant une trajectoire prgfgrentielle arientge nord-sud. 
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OBSERVATIONS OF TRAVELLING IONOSPHERIC DISTURBANCES 
AT LONDON, CANADA 

J. Litva 

Communications Research Centre 
Department of Cosnunlcatlons, Ottawa, Canada 


SUMMARY 


Some observations made at London, Canada, of travelling ionospheric disturbances (TIDs) are presented. 
They were obtained by way of a new technique which is described In detail; namely, measurement of angle of 
arrival and amplitude variations of radio waves which propagated through the ionosphere from localized re¬ 
gions of enhanced emission on the solar disk. A survey of past observations suggests that at most four 
wave cycles are observed In TID wave trains. The observations reported here show good evidence of TID 
wave trains up to four times as long, consisting of IS to 1C wave cycles. The angular deflections of the 
solar line of sight at 51.7 MHz were measured to be between ±6 to 120 minutes of arc; from which, electron 
nissber density perturbations are calculated to be of the order of I to 2 percent. The observed varia¬ 
tions In amplitude corresponding to the larger angle of arrival scintillations were about 5 dB. 

The TIDs were primarily of two types; one with a period of approximately 6 minutes, the other with a 
period of 21 minutes. The former travelled with the speed of about 200 km/hr and a corresponding wave¬ 
length of 20 ks>. The speed of the latter was between 800 and 2000 km/hr and the corresponding Wavelength 
between 300 and 700 km; they also had a preferred line of travel which was orientated north-south. 

1. INTRODUCTION 

TIDs or travelling ionospheric disturbances are electron density Irregularities In the F region which 
have been observed to move over horizontal distances of thousands of kilometers. The disturbance consists 
of a periodic change of the electron density with horizontal distance. When TIDs are represented by con¬ 
tours of constant electron density it is found that they tend to be tilted or displaced forward from the 
vertical in the direction of motion (THOME, 1964). 

The velocity of TIDs has been measured at many locations by many workers using a vsri fy of techniques. 
Some of the techniques employed are vertical incidence sounding (PIERCE and MINNO, 1940; WELLS, WATTS and 
GEORGE, 1946), doppler radar (GEORGES, 1968; CHAN and VILLARD, 1962), backsratter radar (TVETEN, 1961), In 
situ satellite density measurements (NEWTON et al, 1964), three station single frequency lonosondes (MUNRO, 
1958), Thomson radar (THOME, 1968;VASSEUR and WALDTEUFEL, 1969), faraday rotation (TITHERIDGE, 1963) and 
angle of arrival measurements (LAWRENCE and JESPERSEN, 1961; VITKEVICH, 1958). TIDs have wavelengths from 
about 50 to 2000 km and horizontal velocities from 180 to 2500 km/hr. The higher velocity TIDs tend to 
travel in the north-south direction and the lower velocity ones have no preferred direction of travel. 

A description Is given of some observations made at London, Canada, of TIDs. They were detected by 
measurements of deviations or scintillations in angle of arrival and amplitude of radio waves which pro¬ 
pagated through the Ionosphere. The measurements were made with radio Interferometers monitoring radio 
waves of frequency 51.7 MHz emitted by a localized source in the sun's corona. There are times when the 
disturbed sun radiates meter wavelength radio waves at an enhanced level for periods of a day or more. On 
a number of these occasions the sun was used as a radio source and scintillations In angle of arrival of 
solar radio waves refracted by TIDs In the Ionosphere were observed- 

At VHF frequencies the angular deflection due to refraction of radar waves traversing the Ionosphere 
Is proportional to the spatial gradient, transverse to the line of sight, of the total number of electrons 
per square meter In the line of sight. It follows that, since gradients In total columnar electron content 
due to TIDs were measured, It Is reasonable to sssiaae that they were contained between the altitudes 100 
and 500 km, or so. This, after all, is where most of the electrons of the ionosphere are contained. 

It Is assumed that for the moot part TIDs perturb linear propagation of radio waves through the iono¬ 
sphere because of their horizontal electron density gradients. These perturbations manifest themselves to 
an observer on the ground monitoring a radio signal as scintillations in the sngle of arrival and amplitude 
of the signal. Equations will be developed relating the magnitude of the angle of arrival scintillations 
to both the electron density gradients end the characteristics of the Interferometers used for the measure¬ 
ments. It will be shown that the apparent motion of the sun produces variations In both the magnitude and 
period of the angle of arrival scintillations. Tills motion and the variations Induced by it are described 
in detail and it Is shewn that the line of travel and speed of the TIDs producing the scintillations can 
be deduced from the observed variations. Finally, equations are developed relating the magnitudes of the 
amplitude scintillations and angle of arrival scintillations produced by TIDs; from which the speed of the 
TIDs as a function of height can be deduced. 

2. TECHNIQUE 

Consider Fig. 27-1 where two antennas forming an interferometer are located at 0 and A along the base- 
11ns 0Y and ssparated by distance d. TVo rays from the sun and denoted by S are shevn arriving at each 
antenna. The totsl phase difference $ o.r the radiation arriving from the source at the two antennas may 
be expressed generally as 

♦ « (2nx +<)>)- cos0 


Eq. 27-1 
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where; 

$ - the measured phase difference In the range 0 to 2 tt 

n ~ an integer In the range -d < n < d 

I - - X 

A - the wavelength of the radiation 

0 - the angle between solar ray and interferometer base line. 


From the knowledge of the location of the sun the angle 0 between a ray from the center of the aolar 
disk and the Interferometer base line can be calculated and substituted into Eq. 27-1 to solve for n. The 
angle 0 ^ of the solar radiation with respect to the interferometer's base line can then be determined from 

Eq. 27-1 and a measurement of where, ^ is the phase between the solar radiation received at the two 
interferometer antennas. The angle @ gN is defined by 


Eq. 27-2 


Both 8 ^ and 0 g are always positive and measured from the line 0Y. ( 0 g ^ as defined here may be both 

positive or negative. It is called the angle of arrival henceforth, and the measured values reported here 
form the principle data base for this paper. It Is augmented by the amplitude of the solar signal which 
also was measured and recorded. 

Fig. 27-2 shows the relative location of the antennas of the compound solar interferometer used for 
the measurements. The antennas were linearly polarized five element yagis and were mounted to accept 
signals of vertical polarization. The amplitude of the incoming solar radio waves was recorded. Two 
phase measurements out of a possible five were also recorded. In some cases the phase difference between 
the waves arriving at Y o and Yj and between Y j and Y 2 were recorded; in other cases, the prases between Y 0 
and Y 2 and between Y and Yj were recorded. The measured phase differences were converted to angle of 
arrival 0 g[J of the solar ray with respect to the interferometer base-line and the center of the sun. The 
various antenna pairs are denoted as follows: 


Y 0 , Y 2 - wide E-W interferometer 

Y 0 , Yi - narrow E-W interferometer 

Y 0 , Y 3 <■ N-S interferometer 

and the angle of arrival measurements presented here will be identified by these labels. 
3. MOTION OF THE SOLAR LINE OF SIGHT 


The loci of the intersection of the solar line of sight with various levels in the ionosphere may be 
determined with the aid of Fig. 27.3. In particular Fig. 27-3 (a), which shows a plane containing the solar 
line of sight, the observer 0 and the center of the earth C. The intersection of the solar line of sight 
with an ionospheric layer whjse height above the earth is D is given by R. The zenith angle of the sun is 
z; B is the distance OR and 5 is the angle RCO. It can be shown (HARROWER, 1963) that B is given by the 
following: 


^ ■ B - [<r + D ) 2 - r 2 sin 2 z]* - [r 2 - r 2 sin 2 z]* 

and 6 by the expression 


Eq. 27-3 


6 


cos 


r 2 + (r + I)) 2 - B 2 
2r(r + D) 


Eq. 27-4 


where: 


r - radius of the earth 


The observer's celestial hemisphere is shown in Fig. 27-3 (b) with the observer at 0, the north celes¬ 
tial pole at P, and the zenith at Z. The intersection of the extension of CR in Fig. 27-3 (a) with the 
observer's celestial sphere is given by R' and the co-latitude PZ and hour angle ZPR' of R' are given by 
S and t respectively. 

The altitude of toe aun denoted by h in Fig. 27-3 (a) is given by (SMART, 1944). 

h « sin '[sinCLATJsintDEC) + cos(LAT)cos(DEC)cos(HA)] Eq. 27-5 


where: 

DEC - declination of the sun 
HA - hour angle of the sun. 

The zenith angle z of the sin Ls given by 


z 


Eq. 
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ana the azimuthal angle a by: 


z 


sin 1 [cos(DF.C) 


sln(HA ) 
cos(h) ^ 


Ml 


A 


Eq. 27-7 








Eq. 27-8 


From Che spherical triangle PZR 1 in Fig. 27-3 (b) It follow* that 

S - cos tcostSeoa ( j- - LAT) + win6tln(j - LAT)coa(2n - A^)] 


and, 


- A t ) "I 
atnS J 


lb* latitude and Jj.gitude of K ot R' arc givon respectively by 

LAY 00 - j - S 
LONCIS) - LONG(O) + t 

vhe re: 


J.OSJC(o) ■ longitude of the observer. 
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Ea. 27-11 


Curves treeing out the loci of the intersection of the solar line of szght with various levels in the 
ionosphere, as a function of timn, ere given in Fig. 2' 1 -4\ The paths shown were derived for valves of 0 
equal to ISO, 300 and 450 km using solar parnneters correct for November 12, 1969 and equations 27-3 to 
27-1! . The intersection of the dashed lines with the curves defines th~ position of the intersection point 
8 at the Indicated times; positions at other times can be ot-cained by extrapolation. The co-ordinate axes 
shewn in the insert define positive values of the velocity components 'be and Vy of the Intersection point 
R; with positive Vx directed towards tiie vea;: and positive Vy directed rewards the north. These two vel¬ 
ocity components are given by 


Vx - (r + d)cos[WT(«),l x [LONG(R)] Eq. 27-12 

Vy - (r + d)-~{LAr<R)j. Eq. 2713 

Curves for November 12, 1969 derived from Bqs. 27-12 and 27-13 giving Vx and Vy ae a function of time for 
the altitudes 150, 300 and 450 km are given in Fig. 27-5 . The component Vx, although positive throughout 
the interval between 1330 and 2030 UT, is seen to vary considerable and in a manner characterized by high 
values in the morning, roictively low ones ot local noon, and high ones again in the afternoon. On the 
other hand Vy whose absolute value Is leas than Vx throughout this interval, begins with positive values, 
becomes zero at local noon, and assumes increasingly negative values in the afternoon. 

Since the intersection p-.lnt R moves through the ionosphere, it is to be expn.cted that the period of 
the scintillations in angle of arrival of the solar line of sight, caused by Tills, will be an apparent 
period. The apparent period will differ from the actual TID wave period by a quantity which is a function 
o{ the component of the velocity of the solar line of sight through the ionosphere parallel to the hori¬ 
zontal velocity of the TIDs. In Cue Insert accompanying Fig. 27-4, let U represent the velocity of the 
HD and V the '•elocity of the intersection point R. The azimuthal angles of these vectors with respect to 
the negative Y axis are and a^. respectively. The are both deflneu to be positive in the counter-clock¬ 
wise direction. Their values are given by 


Eq. 27-14 


Eq. 27-15 


The apparent period T’ of the scintillations os n function of U is giver by 


“u 


-i Ux 

n 77“ 

IJy 


-> Vx 
Vy 


t“ * At ■* h C08(a v - V Eq - :7 - 16 

where It » i ID Wa ength. 

4. MAGNITUDE OF ANGLE OK ARRIVAL S ’.NTILLATIONS 

At VHF tiequercles the refractive index, y, of a radio wa.e propagating through tne ionosphere is 
given to good approximation by 

U - 1 - - 7 - N Eq. 27-17 

CO 

where 

b » e ? /tda » 16 x 10 5 (mks) 

N ■ local nimbi r density tree electrons 

e * charge of an elertron 

m m mass of an electron 

€• » permittivity ol free space 

u, - angular radio freq-ijency 


Eq. 27-17 Is «;>pruid»ete because It neglects the effects of the earth's magnatlc lield and of absorption. 






The total angular deflection, t, of a radlowava from Its average position (CHANDRASEKHOK, 1932) la 
given by 


where l, la measured aI )ng the ray, and 
u, is measured along a normal to l 


b _d_ 
ui 7 " du 



Eq. 27-18 


Equations are now derived giving the variation, a« a function of time, of the magnitude of TID In¬ 
duced scintillations In the solar angle of arrival measured hy the E-W and N-S interferometers. Consider 
Fig. 27-6 with the observer at 0 wher--: 


SO « solar line of alght 

OP - projection of the solar line of eight on the observer'* 
horizon plane 
h » altitude of the sun 

U » projection of the TIDs horizontal velocity vector onto 
the horizon plane 

TS •“ azimuth of OP with resect to the OX axis 
Oy « azimuth of £ with respect to the OX axis. 


In the derivations which follow it is assumed that: 


a) the TIDe' direction of travel defined by remains constant 

b) the refraction of the solar line of sight from its average position is due, for the most part, to 
TIP induced horizontal electron number density gradients 

c) the horizontal gradients are parallel to the TIDs' horizontal velocity. 

It will be shown that since TS in Fig. 27-6 changes from positive values In the morning to negative 
valuta In the afternoon In a regular and defined fashion that the magnitude of the sciar scintillations 
will vary in a unique manner determined by the TIDs' direction of travel. 


It follows from the spherical triangle, ABC, in Fig. 27-1 that 

cos 0 " coshcosA' 
z 

so that F.q. 27-1 can be vritten in the following fort> 

$ - coshcosA^ Eq- 27-19 

where: 

A^ « Az - y , f°r the E-W interferometers and, - n - Az - 0.3098, fer the N-S interferometer. 


The magnitude of the phase variations measured by the interferometers due to changes in h and TP 
caused by refraction of the solar line of sight may be obtained by finding the differential of Eq. 27-19 
and substituting in the appropriate value for A^ . If follc *.'8 from a comparison of Figs. 27-2 and 27-6 

that A' Is equal to tt - TS and TS - 0.309 8 radians respectively for the E-W and N-S interferometers. 
z 2 


The equations resulting from the substitution of A^ Into the differential of Eq. 
6 <(>i - -Bi aln(h)aln(TS)Ah + 6 icos(h)cos(TS)ATS 

Ad >2 “ -Ba sln(h)sln(TS)Ah + 82 Coa(h)cos(TS)ATS 

j - -B, sin(h)i-.os(TS - 0.3098)Ah - 63 Coa(h)sln(TS - 0.309 8 )ATS 


27-19 are: 


Eq. 27-20 
Eq. 27-21 


Eq. 27-22 


where: 

Bi - 2 tt (49.361) 

Bj - 2w (16.571) 

3j “ 2" (54.289) 


In the above, Eqs. 27-20 and 27-21 give the magnitude of the phase scintillations A$i and Afo meas¬ 
ured by the wide and narrow E-W Interferometers respectively and Eq. 27-22 glvea the magnitude of the 
phase scintillating AAj measured by the N-S interferometer. The variations In the Interferometer angle 
B whlcti are also equal to the variations in the angle of arrival as defined in Eq. 27-2 may be obtained by 
equating the differential of Eq. 27-1 to Eqs. 27-20, 27-2! and 27-22 in turn 


ao sln(h)s i n(TS)Ah _ cos ('h) c os (TS ) ATS 

l » 2 ” Sin9 sin 8 


ah - »ln(h)cos(TS - 0,309 3)Ah 
* sinB 


+ cos(h)win(TS - 0.3098)ATS 
sin9 


Eq. 

27-23 

Eq. 

27-24 
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’ A0i,* - perturbation cf angle, 0 for the vllt and nar.ow E-W 

Interferometers due to refraction of the solar ray 
' 'ii 1 

AO) - perturbation of angle 6 fop Che N-S interferometer 
due to refraction of the solar tay. 

An expression, giving the variation.of, A0i,t and AO) as a,function of ''S ir local t. f *e nay te obtained) 
from a conaideration of Fig- 2^-6 - Hie point r denotes the intersection of the eolar ray with a layer in 
the ionosphere. The average horizontal electron nusber density gradient _§ ia Indicated and shown to be 
peralle. 1 to OA, Close inspection of fig. 27-6 reveals toati the ccoponont of £ perye.idlfcular to the solar 
line of sight f, L la contained in the plane defiued by OS and OA. Thun the ^elrected solar ray vhowe an¬ 
gular deflection T is giver, by Eq. 27-18 will be contained within this plane. , 

If a ray undergoes •) deflection of T it follows from the geometry in Fig. 27-6 that 


Ah « Tslnycoe'TS - oiy) 


tanOi) 


sinvtr - cx^) 


Eq. 27-75 

I 

Eq. 27-26 


ATS 


T cos(h) 


Eq. 27-27 


Substitution of Eq. 27-25 ard 27-26' into 27-23 and 27-24 and dividing by T to normalize the equations, 
allows one to write the following: 

p ‘ . 0 i ain(h) sin(TS; sin y cos(TS-Ol) . . E<t ’ 

Fl.z “ A0 i, 2 * _'___ u' - cos(h) coe(TS) cos j 

x sir 6 sin - ® cos (hi 


F, - A6j_ - * X "Ch* cos(TS-0.3098) ; sin y WxS-c x^ C08 ( h) ain ( T S-0.3098) co, v Eq- 27-29 
X sin 0 sin 0 cos(h) 

where it is aasimied that r is constant with time. 

' l 

The function t'i ,2 and F) are called the 1 resooi.se' of the E-W and N-S interferometers respectively. 
They give the efficiency oi the interferometers In measuring angular deflections in the solar line of sight 
as a function of time and geometry. The response given by Eq. 27-28 of the E-W interferometers as a 
function of time ia plotted in Fig. 27-7 with ol. in degrees indicated on the curves. It is seen that the 
shape of the curves is a function of the parameter ol.; in particular, the local time at which, Fi,j becomes 
zero is a t metio. of a„. This suggests th-t the line along which TIDs travel may be determined by the 
modulation imposed by tne interferometers on tne observed magnitude of the'soler angle of arrival scinti¬ 
llations. In Fig. 27-8 the corresponding response F) of the N-S interferometer is plotted as a function 
of time for various values of o^.. , 

5. FOCI'S ING AND DEFOCUS I!.'.' EFFECTS CF TIDs 

i 

Closely following Turnbull and Forsyth (.1965) focusing and dofocusing of the radio-wave energy by 
TIDs is now considered. Only the simplest case dealing with relatively small deviation angles or irregu¬ 
larities at low altitudes lp considered. In thib case the only effect on the ground is slight focusing 
and dcfocuslng of the radio-vav* energy as the 3olar line of sight encounters TIDs. The more complex case 
where rays from two or mote widely separated points in the TID reach the observer, while rays from inter¬ 
vening regions do not, ir act considered because the deep amplitude fading which would result from this 
type of mechanism'Was not experimentally observed. 1 

The gewietry it illustrated in Fig. 27-9 whore the plant of the diagram is assumed tc be the plane 
containing the solar line of sight and the TIDs".line of tr*ve_. The refracted sclar line of sight will 
also be in this plane.. Since only variations within this plane are of interest, it is convenient to con¬ 
sider energy densities as for a system of cylindrical syimnetry. Two solar rays SPB and S'QE are shown 
meeting the ground at B and E. "Tiey intersect the ionosphere MN at P and Q and undergo angular deflection 
0 'end 0 + d6 respectively. The undeflected rays make <n, angle e with the ground. The distance r between 
the observer and the ionospheric intersection point of the solar ra> is given by: 

r ■ H/cos(h) 


3-M 


Eq. 27-30 
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where: 

H » height of the intersection point 
h » altitude of the sun 

Energy falling on the element of the irregularity do would, in the absence oi Che irregularity, fall 
on the ground spread over an element dp and in the presence of the 3tregularity spread ever sn elan.enr da. 


5ince: 

dq " rdO/ain(e) 
dp - ds 


tlier. 

<ix “ ds + •—y- —y- -y 

8in(e) 

E... 27 31 


If the energy density at KN la E( then the energy density at point x on the ground is given by 


Eods - E(x)dx 

By combining Eqs. 27-30, 27-31 and 27-32 one may write 


d8 _ si n (e )cos (h ) f~ E o 
ds H “ L'e(x) " 1 


The distance of separation ds of the rays may be written as 


where: 


ds « U 


'dt 


O’ - u - u.v/u 

U - TID velocity 

£ « velocity of the point of intersectirn of the ;oinr 
line of sight with rhe ionosphere. 


Eqs. 27-33 ani 27-34 are combined to give 


U' - H/K 


Eq. .7-32 


Eq. 2 - ’-33 


Eq. 27-34 


Eq. 27-35 


where: 


K 


8 i-a(e)cos (h) E p - _1_ 
dO/dt , e{x) 


Eq. 27-36 


Since V is known as a function of height and the direction of travel of the TIDs can be determined 
from Fig. 27-7, the apparent speed U of the TIDs can be obtained as <> function of height form Eq. 27-35. 

6 . EXPERIMENTAL AND ANALYTICAL RESULTS 

6.1 Angle of Arrival Results for Eant-West Moving TIDs 

The angle of arrival versus time measured with the wide E-W interferometer on October 28, 196b is 
given in Fig. 27-10. The curve is fairly steady between 1330 and 2030 UT; although, it docs show some 
evidence cf quasi-periodic scintillations with peak-to-peak (p-p> amplitude of 10' arc. HiIb is the type 
of resuit one would expect for the case of a relatively u:,disturbed ionosphere; one in which TIDs, for 
example, if present possessed small amplitudes. 

The angle of arrival versus time measured with the N-S Interferometer on November 12, 1969 is shown 
in Fig. 27-11. In this case the curve shows well defined quasi-periodic scintillations between 1430 and 
2000 UT, or so, with maxlrajm p-p amplitude of 45' arc. The slow decrease and then increase ot angle of 
arrival between 1300 and 2100 Ur is not considered herein and may be due to the solar source of the radio 
waves not being located at the center of the solar disk. The quasi-periodic scintillations hetween 1430 
and 2000 UT are attributed to refraction of the solar line of sight by TIDs, The solar flux density re¬ 
corded by the N-S interferometer on November 12, 1969 is also given in Fig. 27-11 . There are some scinti¬ 
llations discernible in the 3olar flux density; in particular, near 1515 U1, These are attributed to 
focusing and defocuaing effects or in other wort's to redistribution of the radio-wave energy by retraction 
of the solar line of sight. 

Fig. 27-12 shows a direct comparison of the wide E-W and N-S interferometer angle of arrival data 
recorded on November 12, 1969. The dashed curve gives the angle of arrival for the E--W interferometer 
and the solid curve gives the equivalent data for the NS interferometer. It can be seen that there a 
a high degree of coincidence in the occurrence of the scintillation on both sets of data. The solid vor¬ 
tical lines indicate "he times when 'peaks' or local maximum in angle of arrival occurred for both sets 
of data. In one case, namely at 1615 UT, a peak in the E-W curve corresponds to an Inflection in the 
curve. The dashed vertical lines suggest possible coincidences in the peaks but tre not use! in the ana¬ 
lysis slrce the coincidences are not well defined. 

6.2 Properties of East-West Moving TIDs 

The magnitude of the angle of arrival scintillations observed by the wide E-W interferometer on Nov¬ 
ember 12, 1965 Is given in Fig. 77-13. Tne average amplitude throughout the Interval Is approximately 6' of 
arc. It follows from Fig. 23-7 c. at the line of travel of the responcible TIDs is in the cast-vest direc¬ 
tion with a possible deviation from this of ±35? Only for angles between 55 and 90° and between -55°and 
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90° 1* the response of th*- E'-W Interferometer auffic.lently constant to be able to account for the obanrvud 
constant average amplitude. 

The apparent period of the adntillationaon November 17, 1969 la given In Fig. 27-14. Those valuea 
were obtained by measuring the distance between the vertical lines In Fig. 27-12. A scintillation la de¬ 
fined for this measurement as a local maxima In the angle of arrival that occur* on ooth the E-W and N-S 
interferenetern simultaneously, The scintillations def ined by the dashed lines do not miut thio require¬ 
ment and therefore are not uaed In the analysts. They are nentloned here because there le some Indication 
that a scintillation nay have occurred at these times. The peaks of the scintillations have bean uaed 
here but the troughs could have been used equally well. There la a monotonic dec .tease of the period of 
the scintillations with time bafore local noon (1709 UT) and a monotonic increase with time after local 
noon. Since the eaut-went component of velocity of the intersection of the solar line of sight and the 
ionosphere varies In the same manner thin behaviour la consistent with the direction of travel deduced 
above; namely, the east-west direction. Furthermore, since the period of the scintillation decreases to¬ 
wards local noon andlnctetfcea afterwards, rather than the reverse, suggests that the TIDc moved towards the 
west. From the degree of symmetry of the pattern produced by the systematic. variation of the. period in 
Fig. 27-14 about local noon, and Eq. 27-17, one can estimate that, the deviation of the line of travel from 
the E-VI direction is at moat ±15°. Finally, It (a to be noted that the average period of the scintillations 
between 1600 and 1830 UT, when the apparent speed of the eur. reaches its lowest value, is approximately 
13 minutes It follows that the true 710 period is aowawiHit less than 13 minuted. 

A plot »f the 1.\v«r»e of the apparent period of the ecintillationc observed on November 12, 1969 
versus the £-W component of the velocity of the colar line of sight through the ionosphere la given in 
Fig. 27-15. The altitude of Che Intersection point. us*d ia 200 Urn. The dashed line was obtained from a 
least squares fit of tha data. The dashed curve shove in Fig. 27 Id was derived from the straight dashed 
line in Fig. 27-15 and Is appropriate for an intersection altitude of 200 km. S mllar analyses at other 
values of altitude would produce curves which ware indistinguishable from the one shewn In Fig. 27-14. 

The dashed curve in Fig. 27-14 appears to explain the ayeteaaCic variation of the period of the selnti- 
llatlc's. The questionable data poii.T at i960 UT appears to bo in agreement with the curve and the one 
at 1430 UT does not. Further evidence .".hat the poinc at 1940 UT nay be real is given by the feet that 
there appears to be in Fig. 27-M , a scintillation in the flux density at 1940 UT similar in duration to 

tie corresponding angle of arrival scintillation. At 1420 UT, on the other Viand, it is difficult to tell 

whether there is a corretponding scintillation In the flux density. 

It follows flora Eq. 27-16 that if, a. * 270°, as Is the case here, the slope of the straight line in 

Fig. 27-15 Is equal to, 1/60X, and the Intercept with the vertical axiB at, Vx « 0, is, 1/T, where T ia 

the true TIE wave period in minutes. Thus, one is able to solve for the period, wavelength, and velocity 
of the TXDs. The only unknown is the altitude, so that the analysis must be repeated for a number of al¬ 
titudes between 100 km and 500 kn, or so. The velocity of the TTDs as a function of height is indicated 
by the solid curve In Fig. 27-16; the period in minutes ia indicated by the nirabers beside the data points. 
The utandard deviation of the period is *4 minutes. The period decreases with increasing height. The 
wavelength as a f-piction of height ia shown in Fig. 27-17. 

The d^.ohed curve in Fig. 27-16 was obtained by correlating the scintillations in angle of arrival 
and flux density in Fic. 27-1 I between U’45 and 1505 UT. From the ratio of maximum flux density divided 
by average flux density and the rate of change of angle of arrival st the time of maximum flux density the 
apparent velocity, U’, given by Eq. 27-35 can be solved for as a function of height. Since one knows the 
velocity of the solar line of sight through the ionosphere as a function of height the ’true" TXD velocity 
can be solved for as a function of height and io given oy the darhed curve in Fig. 27-16 . There is agree¬ 
ment between the two curves ir the lower Ionosphere. The curves appear to diverge above 300 km, or so, 
suggesting that the centroid of the TIDa was contained between 100 and 300 km. 

6.3 Angle of Arrival Results fer North-South Moving TIDs 

The angle of arrival for October 27, 1968 is shown in Fig. 27-18 The solid curve gives the data re¬ 
corded by the wide E-W interferometer and the dashed curve gives the data recorded by the narrow E-W inter¬ 
ferometer. Quail-periodic scintillations are present between 1340 and 1830 UT. The agreement between 
the two setc of data is excellent except between 1330 and 1420 UT; during which tiae the narrow E-W inter¬ 
ferometer appears to have undergone a slow phase drift; although the agreement between the small scale 
structure is good. The scintillations that appear on both sets of data are attributed to refraction by 
TIDe. Fig. 27-19 shows the magnitude of the solar flux density on October 27, 1968. For purposes of 
comparison the angle of arrival for October 27, 1968 is shown once again. A comparison of the October 27, 
1968 wide E-W Interferometer angle of arrival data with two ainuaoids; one With a period of 21 minutes 
and the other with a period of 13 minutes, is given In Fig. 27-20. Local noon is indicated by the dashed 
line at 1709 UT The period of th, scintillations is approximately ’1 minutes between 1340 and 1630 UT 
and again between 1750 and 1840 UT. The 21 minute scintillations in the firwt irterval are in phase with 
the slnuaold; whereas, tha 21 minute scintillations in the last interval are approximately 180° out of 
phase with the sinusoid- The period of the scintillarlons in the time Interval 1645 to 1740 UT is approx¬ 
imately 13 minutes. 

The angle of arrival and solar flux density measured with the wide E.-W interferometer on October 29, 
1968 Is given in Fig. 27-21. Scintillations in the angle of arrival arc present between 1330 and 1700 
UT. The solar radio-ware eulpslot.s on this day were sufficiently constant in amplitude to show scinti¬ 
llations in the mearured flux density between 1330 and 1700 UT. The scintillation in flux density at 
1600 UT la especially well defined and approximately 9U° out of phase with the corresponding angle of 
arrival scintillations. The scintillatioru in angle of arrival are due to retraction of the solar line 
ot sight by TIDe, The scintillations in solar flux tiensitv are attributed to focusing and detocuaing 
associated with refraction of the solar line of sighl 
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6. A Propart laa of North-South TIDa 

TTha magnitude of the 21 minute sclntilletions measured by tha F.-W Interferometers on October 27, 1968 
la (Ivan in rig. 27 22. It can readily be aaan that after 1520 UT the amplitude decreaaea towards local 
noon and increases after local noon. In addition, as mentioned above, the phase of the 21 minute scint¬ 
illations occurring after local noon la approximately 130° out of phase with those occurring before local 
noon. One can aaa by referring to the 0° curve in P’lg. 27-7 that the above characteristics are just what 
one would expect for scintillations recorded by an enat-weat Interferometer cauaed by TIDa moving along 
a no'-ch-aouth line of travel. There ia a two-fold ambiguity in that one does not know whether the motion 
la towards tho north or towards the aouth along this line of travel. The maximum deviation of the line 
of travel from the N-S direction ia (18°). The increase in magnitude of the scintillations before 1520 UT 
in Fig. 27-22 la not inconsistent with the above Interpretation. In all likelihood the observed TIDs con¬ 
sist of wave-packets, so that the Increase in magnitude corresponds to the increase in magnitude one would 
expact at the beginning of a realistic wave-packet. 

Close inspection of Fig. 27 20 shows no discernible systematic change in the period of the 21 minute 
scintillations between 13A5 and 1630 UT, The speed of the responslhle TIDs is therefore greater than 070 
km/hr assuming the centroid of the TIDs was contained between 200 and 500 km, since the north-south comp¬ 
onent of the velocity of the solar line of sight changed by about 135 km/hr in this interval.. The T1D 
wavelength is greater than 300 km because the wave-period, to a good approcimation, is 21 minutes. 

Since the 13 minute scintillations are discernible at local noon the responsible TIDs are travelling 
in a predominantly E-W direction. Their magnitude is smaller and they are only discernible when the re¬ 
sponse of the E-W interferometers is low or non-existent to the larger scintillations produced by the N-S 
TIDs. These scintillations are similar to those produced by the E-W TIDs observed on November 12, 3969. 
They have similar apparent periods, amplitude, and constancy of amplitude about local noon. 

The direction of travel of the TIDs which produced the scintillations shown in Fig, 27-21 is not 
readily discernible from the characteristics of the scintillations. Since the period of the scintillations 
between 1515 and 1610 UT is 21 minutes suggests that the responoible TIUs may have travelled north-south 
because the scintillations in Fig. 27-21, caused by north-south travelling TIDs also had a period of 21 
minutes. The scintillations in flux density are again attributed to focusing and defccusing of the radio¬ 
wave energy by TIDs. If one makes no assumption concerning the direction of travel of the TID, assumes 
only that its height was approximately 300 km and then correlates the angle of arrival and amplitude 
scintillations between 15A0 and 1610 UT, as before, one can deduce the speed of the TIDs responsible for 
bending the solar ray as being greater than 300 km/hr. The upper limit of the Bpeed is a function of the 
line of travel; for a north-south line of travel, for example, it is roughly 1500 km/hr and for an east- 
west line of travel it is roughly 700 km/hr. 

The maximum observed TID Induced angular deflection was ±20 minutes of arc, indicating, according to 
Eq. 27-18, a maximum gradient in columnar electron content for the TID of 3.5 x 10 i4 el/m 2 km. If one 
assumes that the TID which generated the scintillation was contained between ?50 and 350 km the above 
columnar electron gradient corresponds to an electron number density perturbation of only 1 percent, or so. 

There is evidence that the motion of the TIDs responsible for the scintillations on November 12, 1969 
was perturbed. For example the amplitude of the scintillations recorded by the N-S interferometer in Fig. 
27-23 deviates significantly from a possible average value of 8' arc at, 1500, 1610 and 1730 UT. The ap¬ 
parent period in Fig. 27-14 departs from the dashed curve at 1540, 1610 and 1720 UT. In Fig. 27-11 one 
can discern an enhancement in flux density at 1430, 1520, 1630 and 1730 UT. The good agreement between 
the above times at which these parameters were perturbed suggests that the perturbations are real and 
have a period of the order of an hour, or so. 

7. CONCLUSION 

7.1 The solar radio Interferometer was shown to be a sensitive instrument for detecting TIDs in the iono¬ 
sphere; capable of detecting TIOs with electron number density perturbations as low as one nercent or less. 
The TIDs were observed as quasi-periodic scintillations in the angle of arrival of radio-waves emitted by 
l.ocallzed disturbed regions on the solar disk. It was shown that the speed, line of travel, period and 
wavelength of the TIDa could be deduced from the manner in which the period and magnitude of the observed 
scintillations varied with time. The speed of the TIDs as a function of height was also determined by 
correlating the degree of amplitude fading due to defocusing and focusing effects with the maximum observed 
rate of change of angle of arrival. 

The sun, when emitting rf energy at an enhanced level, was shown to be an effective source for de¬ 
tecting TIDs. In effect, it tends to select time intervals, for the observer, when there is a good like¬ 
lihood of TIDb being present in the ionosphere. TIDs tend to be present when the. ionosphere is disturbed 
and the ionosphere tends to be disturbed when the sun is disturbed. The fact that the sun radiates at an 
enhanced level, only at times when it Is in a disturbed state, completes this cause effect relationship. 

On the other hand it is not an effective source for obtaining synoptic measurements because measurements 
are possible only on those infrequent occasions when the sun is radiating at an enhanced level. 
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Fig. 27-1 Geometry of cwo rays, S, from a radio source and an interferometer with its base-line on the 
OY axis. The two elements of the interferometer are located at, 0, and, A. The interfero¬ 
meter angle is, 6; the altitude of the source is, h; and the azimuth of the source with 
respect OY is, A'^ 



Fig. 27-2 


Geometry of narrow and wide east-west interferometers and north-south interferometers; con¬ 
sisting of the following pairs of antennas Yo and Yi, Yo and Y 2 , Yo and Y 3> 
respectively. 
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Fig. 27-3 a) Plans defined by observer's location, center of the earth and solar line of sight, 

b) Observer's celestial hemisphere shoving angles used in defining the point of intersection 
of the solar Hue of sight with the ionosphere. 
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Fig. 27-4 Tha curves show tha loci of tha latarsactlon of the solar line ol sight with various levels 
In tha ionosphara as a function of time. Co-ordinate axes shown In the insert define 
positive values for tha two velocity components, Vx, and, Vy, of the solar line of sight 
through tha ionosphara. 



Plot of November 12, 1969 values of, Vx, and, Vy, as a function of time for various heights. 
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Fig. 27-5 
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Fig. 27-10 Angle of arrival varsua tima measured by Vida E-W interferometer on October 28, 1968. This 
reeult la conaistant with a stationary solar source and a relatively undisturbed ionosphere. 
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Fig. 27-11 Comparison of angle of arrival aud solar flux density measured with the N-S interferometer 
on November 12, 1969. 
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Ffg. 7714 Apparent period <>t acintiilationa observed on November 12, 1969 versus universal time. 
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15 Plot, ci th* Inverse of the apparent period of the November 12, 1969 scintillation* vernut 
the went component of the valocity of the solar llna of sight through tha 200 Sun level. 
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27-16 Spaed of the E-W TIDa; observed on November 12, 1969 versus altitude. Solid curve was derived 
from the observed long term variation In the apparent period. Numbers on tho curve ;;ive the 
TID period In minutes. Pashad curve was obtained from a correlation of the amplituu : and 
angle of arrival uclntlllation. 
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Fig. 27-17 Wavelength of E-W TIDa obaarvad on November 12. 1969 versus altitude. 







Fig. 27-18 Comparison cf fine apgle of arrival versus time measured by the wldu E-W and narrow E-W Inter¬ 
ferometers on October 27, 1968. 
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Comparison of angle of arrival and solar flu* density measured on October 27, j.968. 
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Fig. 27-20 Comparison of the angle of arrival measured with the wide E-W lnterf'eronie'.er on October 27, 
1968 with two sinusoid* one trltk a period of 21 rlnutes, the other with a ; jrlod of 13 
minutes. 
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Fig. 27-2! Angle of arrival and solar flux density versus time, measured with the wide E~V Interfero¬ 
meter on October 2?, 1968. 
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Vig. 27-22 Amplitude of scintillations measured by wide E-W interferometer on October 27, 1968, versus 
universal time. 
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Fig. 27-23 Magnitude of tha scintillations measured by the N-S interferometer on November 12, 1961 
versus universal time. 
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L'EFFCT DES PERTURBATIOfS IONDSPHLRIQUhS SUR L'AZIMUT DES OWLS 
D'ESPACE INC1DENTES 


P*r 

A.D, Morgan 


SOfWIRE 


On a procSdS & une slrie d' exjSriencea consacr6es aux effeto des perturbations ionosphi- 
riques itintrantes sur lea mesures d'azimut. Le systSne d'antenne rSceptrice utilisfi £tait un en- 
saable 4 large ourerture, disposS en cercle j lee donnSes fournies par ce dispositif Staient trai- 
t$es par un systdse autcmatique de mesure d'azimut, lea rfcsultats obtenus indiquirent que l'azimut 
6tait affect* de fluctuations prSsentant des pSriodes de l'ordre de 20 minutes. Certains jours, une 
sequence continue de fluctuations apparaissait sur l'enregistrement. et d'autres jours, elles en 
Staient presque absentee, En suppoeant que l'on Stait en presence d'une reflexion speculaire on 
voyait que l'erreur de giseaent observSe pour un seul saut correapondait a des pentes ionosphSri- 
ques atteignant jusqu'4 9 dugrSa, De plus, on estimait que cee pentes pouvaient varier 4 raison 
de 1° par Minute. Des rSsultata suggferent Sgalement la presence, dans l'ionoaphire, d'inclinaisons 
syatSaatiques qui variant avec l'angle zSnithal solaire. Lea implications de ces rfaultats pour les 
communications radio sont examinees du point de rue pratique. 
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THE EFFECT OF IONOSPHERIC DISTURBANCES ON THE BEARINGS Of INCOMING SKY WAVES 

A D MORGAN 

Government Communications Headquartoro, Cheltenham, England. 


SUMMARY 


A aeries of experiments waa conducted to examine the effectB of TIDs on bearing measurements. The 
receiving aerial used war a circularly disposed wide aperture array und the output from the array waa 
processed by an automatic bearing measuring equipment. The results showed that the bearing fluctuated 
with periods of the order of 20 minutes. On some days, the bearing record showed a continuous sequence of 
these fluctuations whereas, on other days, the fluctuations were almost absent. On the assumption of a 
mirror typo of reflection, the observed bearing error for a single hop path corresponded to ionospheric 
tilts of up to 9 degrees. Further, on thin assumption, it i3 estimated that these tilts enn change nt the rate 
of up to one degree per minute. The results also suggest the presence of systematic tilts, in the ionosphere, 
which chunge with the diurnal change of the solar zenith angle. The implications of these results, on 
practical radio communication, are briefly discussed. 

1. INTRODUCTION 


In general, a travelling ionospheric disturbance (TID) causes deformation of the contours of constant 
electron density, ie, they are no longer spherical with respect to the earth's surface. Under these 
circumstances, the contours of constant electron density will be "tilted" and these tilts will 
deflect sky waves from their true great circle path (provided that the component of the tilt, transverse 
to the path, is not zero). This deflection can be measured by recording the bearing of the incoming sky 
wave. In this paper, the effects of ionospheric tilts, on bearing measurements, are examined. Ionospheric 
tilts can be thought of as consisting of 2 components, namely:- 

(n) The systematic tilts 
and (b) The random tilts. 

The present paper deals with the effect of random tilts on bearing measurements. 

Ross (19^9) distinguished between two types of random bearing errors, namely:- 

(i) Slowly changing bearing deviations 
and (ii) Rapidly changing bearing deviations. 

The slowly changing bearing deviations, the quasi periods of which were 10 to JO minutes, or more, were 
ascribed to the tilting or wrinkling of the ionosphere. The more rapid fluctuations were attributed to 
wave interference effects. later papers by Bramley and Ross (1951) and Bramley (1956) gave the periodicity 
of the slow fluctuations as between 1-J and JO minutes, or more, while the rapid fluctuations (caused by 
wave interference) had periods of the order of a few seconds. 

The ionospheric wrinkles (or silts) which give rise to the slowly changing bearing deviations are 
often referred to as the Ross tilts. The bearing deviations, caused by the Ross tilts, can be regarded as 
having a periodicity of the order of 20 minutes. Clearly, when bearing measurements are averaged over 
periods of the order of 5 to 10 minutes, the averaged effect of wave interference will tend to zero, but 
the effect of the Ross tilts, on the averaged bearing measurements, will not tend to zero. Thus the effect 
of the Ross tilts on bearing measurements is important and this paper deals with this effect. 

The present seriec of experiments, described in thi^ paper, differed in two ways from the earlier 
experiments, undertaken over 20 years ago, by Bramley and Rose. Firstly, the initial measurements of 
Bramley and Ross were taken manually (photographing the CRT of a twin channel CRT direction finder) 
whereas, in the present investigation, on automatic bearing measuring equipment was used. The second 
difference was that, in the present experimental investigation, an aerial array with an aperture of 1075 ft 
was used, as compared with an aperture of 100 metres used by Bramley and Ross. 

2. EXPERIMENTAL DETAILS 

2.1 Equipment 

A circularly disposed wide aperture array, situated at Blakehill in S.England, war. used for the 
experimental investigation. The elements of the array consisted of pairs of elevated d rnonopoleu. I- oil 

monopole was 30 ft high with the feed point located 10 ft from the base. The bottom M ft section was 
earthed and it was isolated from the upper section. Two of these elements were Uien combined to form a 
doublet. The 2 elements of the doublet were placed on a radiai, of the circular .array, .at a separation of 
16 ft. The output from the inner element (as judged from the centre of the array) was fed through a delay 
cable and then combined, by means of a hybrid transformer, with the output of the outer '-lament. The output 
from the doublet was taken from the difference port of the hybrid transformer to give the doublet an outward 
looking cordioidal polar diagram. The null of this cordioid pattern pointed towards the cei tre of the ata ay 
thus giving relatively low response in the backward direction. 

The complete array consisted of 96 doublets equally spaced on n circle of 1075 ft diameter. A beam 
was formed by combining, in a rotating goniometer, the outputs f.vom any adjacent 32 doublets of the array. 
The goniometer rotated at the rate of 600 revolutions per minute, find it had the facility to provide either 
a sum or a difference pattern. For^the sum pattern, the output from the 32 doublets were added (through 
suitable delay networks) to give a — type of distribution. For the difference pattern, the output t ■ "n 
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tho doublets war# subtracted and this gave h pattern with a notch in the main boom and a a hapo 
approximately equal to the differential of the sum pattern. In general, the bearing measurements were 
made with the aerial uacd in its difference pattern mode. 

The output of the goniometer was digitiaed and recorded on magnetic tape. The magnetic tape war, 
processed by a computer and the bearing was computed by means of an algorithm which extracted the notch 
of the difference pattern. For each bearing, a second algorithm computed a 'figure of merit.' and thin 
teated the cloaeneao with which the output from the goniometer fitted the expected polar diagram. The 
maximum and minimum values of the figures of merit were normalized to 100 and zero, respectively. 

Typically, large values of the figure of merit (greater thun 90) would correspond to bearings taken under 
ideal conditions, for example, when there was no wave interference which would occur ■(hen the signal was 
being received by one mode of propagation only. On the other hand, low values of the figure of merit would 
generally correspond to bearings taken at times when conditions were bad, for example, when there was 
severe wave interference which would occur when the signal was being received, simultaneously, by several 
modes of propagation. 

Both the bearing error and the figure of merit were plotted, as a function of time, by a computer 
controlled plotter. These results are described in section 3* 

2.2 Choice of Transmitter 


The transmitters that were chosen for n. jnitoring had to satisfy two criteria. The first criterion 
was that the arriving sky wave should be a 'nominally' single hop, single mode signal. This enabled the 
effects of the Ross tilts, on bearing measurements, to be examined under the simplest conditions. The 
ESSA ionospheric predictions were used to test whether the above criterion could be met. Since these 
predictions only gave the 'median' conditions for a month, no account could be taken of day to day changes 
in the ionosphere. Further, no account was taken of magneto-ionic splitting (the arrival of the 'O' and 
•X' components, simultaneously), the Pedersen ray or the occurrence of sporadic E. Thus the term 'nominal' 
was included in the first criterion in order to distinguish it from the case of a pure single hop, single 
mode signal. The only way in which a frequency could have been chosen to give a pure single mode signal, 
would have been to use an on-line oblique sounder. Clearly, it would have been necessary to have, for 
this type of experiment, exercised complete control over the transmitter. Neither an oblique sounder nor 
a co-operative transmitting site were available at the time of the experiments. 

The second criterion that had to be met was tnat the transmitter had to have a frequency schedule 
ouch that suitable frequency changes could be made, over the full 24 hours, in order to satisfy the first 
criterion. In order that this second criterion could be met, the transmitter had to be active (even if 
it only transmitted its callsign on a band slip) on a number of frequencies over the 24 hours. 

It was not possible to find any transmitters that could meet both of the above two criteria over 
the full 24 hours. However, there were 3 transmitters which met the above criteria for most of the time 
and those were Aran Juez, Prague and Rome. Full details concerning their callsigns and frequencies are 
given in Table I. The locations of the transmitters, listed in Table I, were obtained from the international 
Berne list. 


Transmitter 

Callsigr 

Frequency 

MHz 

Range from 
the receiving array 
(kins) 

True Bearing from 
the receiving array 
(deg) 

Prague 

OIW 

6.820 

1204 

91.1 


om 

6.958 

1204 

91.1 


01X3 

10.125 

1204 

91.1 


OID/OIG 

10.308 

1204 

91.1 


OLD 

18.303 

1204 

91.1 

Prague 

0I£ 

3.777 

1166 

91.8 


OLZ 

7.693 

1166 

91.8 

Aran Juez 

EAD 

6.383 

1295 

186.8 


EAD 

8.682 

1295 

186.8 


EAD 

■17.185 

1295 

186.8 

Rome 

IAR 

6.410 

1543 

129-4 


IAR 

8.670 

1543 

129.4 


IAR 

13.015 

1543 

129.4 


IAR 

17.233 

1543 

129.4 

Norddeich 

DAN 

8.638 

648 

66*5 


DAM 

12.763 

648 

66.5 


DAN 

13.027 

648 

66.5 


TABUS I - List of Transmitters and their Callsign used for the trial 

For interest, the MUF curves for the 3 paths Aran Juez/Blakehill, Prague/Blakehill and Rome/Blakehi 11, for 
November 1970, are given in Figures 1A to 1C and it can be seen, fiom the frequency schedules, that for 
most of the time, a frequency could be chosen such that it was very close to the MUF. 
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A fourth transmitter, Norddoich, was also monitored. This transmitter was chosen simply to examine 
the effects of the Ross tilto, on bearings, for a relatively short path. It was expected that, for short 
Dathu, the effects cf the Kona tilts, on bearing measurements, would be strengthened. The MUF curve for 
the Norddeicfy'Blakehil] path is shown in Figure ID. 

2.3 Experimental Procedure 

A transmitter was chosen from the lint in Table I and it was monitored for a continuous period of 
24 hours. At any time during the 24 hours, the choice of frequency was made by reference to the MUF curves 
from which it could be seen whether or not the frequency in use was close to the MUF. Bearing measurements 
were only taken on signals that arrived by a great circle path and no measurements were taken on signals 
that arrived by a side-scatter path., This criterion was checked by comparing the observed bearing with 
that of the true bearing of the transmitter. If the difference was greater than 20 degrees, then the signal 
was assumed to be arriving by a side-scatter path anti a lower frequency was selected. 

During the morning period, a monitor receiver was used to check the next highest frequency to that 
being recorded. As soon as the next highest frequency was audible, then a frequency change was made. In 
the afternoon period, when the MUF was dropping, the monitor receiver was used to check the next lowest 
frequency. In this way, frequency charges were made smoothly. Frequencies that were less than 0.7 of the 
predicted MUF were not generally recorded. 

After recording a transmitter for a period of 24 hours then, either another transmitter was chosen 
for the next 24 hours, or the same transmitter was chosen for a second period of 24 hours. The tests were 
conducted over the period 23 November to 7 December 1970. 

The bearing measurements were recorded, automatically, as described in section 2.1. The recording 
rate was set at one bearing every 4 seconds for morse signals and one bearing every 8 seconds for all other 
types of signals. The different recording rate for these signals was simply due to the fact that, for 
morse signals, the time interval for the •off positions of the morse keying was relatively long (100 msecs, 
or more). When the rotor of the goniometer pointed to the transmitter during an ’off’ period, the automatic 
bearing recording equipment was not triggered and no bearing measurement was made. To compensate for this, 
the recording speed for morse signals was increased by a factor of two. 

Only one revolution of the goniometer was used to give a bearing measurement. The goniometer rotated 
at a speed of 10 revolutions per second and a recording rate of one bearing every 8 seconds meant that only 
one revolution in every 80 was used to give a bearing measurement. A faster recording rate would have 
highlighted the rapid fluctuations of the bearing rather than the effects of the Ross tilts. 

Another recording technique that would be worthwhile using would be to compute the bearing measurement 
using the information from all the goniometer revolutions that were made within a specific time interval, 
eg, with a recording rate of one bearing every 8 seconds, the bearing measurement could be estimated by 
averaging all of the 8o bearings obtained from every revolution of the goniometer. It is intended to try 
this recording technique (which is more sophisticated than that used in the present experiments, described 
here) at a later stage, 

3- EXPERIMENTAL RESULTS 

3.1 Presentation of the Data 

Samples of the results ace shown in Figures 2 to 15. In each case, the symbol used for plotting the 
bearing is as follows 

o represents a bearing with a figure of merit between 8l and 100 

$ represents a bearing with a figure of merit between 61 and 80 

d represents a bearing with a figure of merit equal to, or less than 60. 

The exact value of the figure of merit, associated with each bearing, was plotted by the symbol 'X' 
on the graphs. This enabled the trend of the figure of merit, as a function of time, to be examined on 
each graph. 

The graphs, shown in Figures 2 to 15, have been selected to illustrate various aspects. All the 
bearings that, were more than 10 degrees in error were not considered in this report. It is obvious that 
these wild bearings do not affect the general patterns of bearing fluctuation (shown in the graphs). 

Bearings which are greater than +10 degrees in error are shown at the bottom of the printout. 

3.2 Typical Day-time Records 

Figures 2 and 3 show examples of typical day-time records. The records were both obtained for the 
Aran Jue^/Blakehill path (range - 1293 tons, frequency = 17.185 MHz). In both records, the bearing error 
varied within a range of +1$ degrees of the true bearing. 

It ie interesting to note that, in Figure 2, the figure of merit has relatively high values during 
the bearing perturbation of +lj degrees at about 14-30. This is shown by the circles, printed on the 
graph, and it suggests that, at tnis time, the display given by the incoming signal was very good. However, 
the values of the figure of merit are relatively low during the email bearing perturbation at about 
15-12. This is indicated by the presence of triangles and it suggests that the display given by the incom¬ 
ing signal was relatively poor. The observations suggest that, at any instant, the figure of merit gives 
no indication of whether the bearing influenced by the Ross tilts. Examination of all the data obtained 
during the exercise has shown that this result is general. 
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Another interesting result concerning Figure 2 is that the overall bearing error tends to be positive. 
This agrees with the direction of the east-west component of the systematic tilt for the afternoon period 
since the true bearing of Aran Juez, at Blakehill, is 186.8 degrees and this path will be mainly affected 
by E-W component of the ionospheric tilts. 

In Figure J, the overall bearing error is negative. Again, thin is in agreement with the direction 
of the east-west component of the systematic tilt for the morning period. 

3.3 Quiet Record 

The quietest recording obtained, during the trial, was that for Rome (frequency = 17.233 MHz, 
range = 1543 kms), over the period from 07.00 to 12.00 (which was the end of the recording) on 30 November. 

A sample from this record is shown in Figure 4 and it can be seen that the bearing error never exceeds a 
value of +0.5 degrees. On the assumption of a single-hop (IF mode), mirror type reflection, this bearing 
error corresponds to an ionospheric tilt, in a direction normal to the great circle path, of about 
+1.3 degrees. 

Over the period of the record, shown in Figure 4, the overall bearing error is virtually centred on 
zero. Since the true bearing of the transmitter is 129-4 degrees, then the systematic tilt for the path 
will, approximately, consist of an equal contribution from tho N-S and E-W components of the systematic 
tilt. The bearing errrr for the former will be positive whereas the bearing error for the latter, during 
the morning period, will be negative. Thus, it is reasonable that the overall bearing error for Rome, 
during the morning period, is around zero. 

3.4 Disturbed Record 

An example of a disturbed record is shown in Figure 5. The values of the bearing error appear to 
trace a wave-like pattern with a broadband of about one degree in width. The exception to this is the 
bearing perturbation that occurs between 13-33 and 16-10 since, over this period, there does not appear 
to be any smearing of the bearing error curve. The maximum bearing error during this period is 4£ degrees 
and it occurs at about 15-55* For this time of the day, the predicted MUF foi the IF and 2F modes was 
11.2 and 8.0 KHz, respectively. Since tho transmitter's frequency was 10.308 MHz, it seems likely (but not 
proved) that the IF mode was being propagated. On the assumption of a simple mirror type of reflection, 
the component of the ionospheric tilt in a direction normal to the great circle path, that would correspond 
to a IF mode, is of the order of 9 degrees. This observation suggests that ionospheric tilts, as large 
as 9 degrees, could bt associated, with TIDs. It is planned to conduct further experiments in which a vertical 
sounder will be used at the raid-point of the path. This will provide more accurate information on the state 

of the ionosphere so that the mode of propagation can be deduced more precisely. 

During the bearing perturbation commencing at 15-33, a relatively large number of the bearings have 
high values of the figure of merit - as indicated by the circles. For these bearings, the display given 
by the incoming signal must have been relatively very good and this again emphasises the fact that, at any 

instant, the DF display does not give indication as to the accuracy of the bearing. 

The fast fluctuations (about one degree in amplitude), superimposed on the bearing error curve, are 
probably caused by wave interference. This wave interference could be caused by two modes of propagation 
arriving at different angles of elevation or a number of waves arriving in a cone. This latter effect 
could be caused by the surface of the ionosphere being corrugated. 

It is also interesting to note that the overall bearing error for the Prague record, shown in 
Figure 5, is positive. This is in agreement with the direction of the systematic tilt for an easterly path. 

As a matter of interest, the observed values of h'F (minimum height of the F layer) at Lindau have 
been plotted, at half-hourly intervals, for the disturbed day of 2 December and the quiet day of 30 November 
(see Figure 4). The ionospheric station is not exactly at the mid-point of either the Prague-Blakehill 
path or the Rome-Blakehill path. Nevertheless, the station was sufficiently close to the mid-points to 
enable some idea to be obtained of whether the ionosphere was disturbed or quiet. The graphs of h'F, for 
these 2 days, are shown in Figures 16 and 17. The graphs suggest that the ionosphere was more disturbed 
on 2 December than it was on 30 November. This agrees with the bearing records obtained on those days. 

3.5 Typical Example of a Short Path 

An example of a bearing error record, for a short path, is shown in Figure 6. The record was 
obtained for the Norddeich/Blakehill path (range = 648 kms, frequencies = 8.638 and 13.027 MHz). The 
bearing perturbations are considerably larger than those observed on any of the other paths and this is 
primarily due to the relatively short range of the path. The value of the maximum bearing error is 
5.8 degrees and it occurs at 09.38. It is shown below that the mode of propagation must nave been a 
IF rather than a 2F mode and, for a mirror type of reflection, this bearing error would correspond to a 
component of the ionospheric tilt, in a direction normal to that of the great circle path, of about 

6.5 degrees. 

At 09.18, there is a marked decrease in the figure of merit which corresponds with a crest in the 
bearing fluctuation. This occurrence is exceptional. If, of course, it occurred regularly, then the figure 
of merit could be used to give an indication of whether the bearing measurement was influenced by the 
effects of the Ross tilts. 

At 08-11, e frequency change was made and a higher frequency was monitored. This frequency change 
was made because the higher frequency became audible at this time (a monitor receiver was used to check 
this). However, the bearing record shows that there i6 no mark discontinuity in the bearing fluctuation 
at that time. The radio wave at a frequency of 13.027 KHz will have been reflected at a grerter height 
than the radio wave at a frequency of 8.638 KHz. Thus, in this case, the Ross tilt had thp same effect 
at both reflection levels although, both reflection levels were in the F region. As yet, there have not 
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bean sufficient data collected to teat if, at any inatant, the bearing error due to Rosa tilts would be 
the same for radio waves, in a range of frequencies, reflected in the same layer. 

Around 08-37, there ia a gap in the bearing curve which coincides with a crest of a bearing 
perturbation. At this time, the working frequency was above the predicted MUF, for the IF mode, of 
11 MHz. Thus, it is safe to assume that, at this time, the skip zone was close to the receiver. One 
possible explanation of the disappearance of the great circle bearing around 08-37 is that the disturbance, 
associated with the bearing perturbation, tilted the ionosphere in such a way that the skip zone moved 
outwards (from the transmitter) beyond the receiver. A few minutes later, when the bearing error had 
decreased (and the great circle path restored), the skip could well have returned by moving inwards 
(towards the transmitter) and, in doing so, passed over the receiver. This would account for the disap¬ 
pearance of the great circle bearings at a time when there was a relatively large disturbance affecting 
the path. In general, phenomena, such ar the one just described, can only be explained with a high degree 
of certainty when an oblique sounder is available over the path. 

Finally, the overall bearing error in Figure 6 tends to be positive. The true bearing of Norddeieh, 
from Blakehill, is 66.5 degrees. Thus, both the east-west and north-south components of the systematic 
tilt will effect the overall bearing error for the path. During the morning period, the systematic 
bearing error for a northerly transmitter will be positive while the bearing error for an easterly 
transmitter will also be positive. Thus, for a north-easterly path, the components will combine to give 
a relatively large positive error. For the case of the Norddeich/Blakehill path, this error is again 
enhanced because of the relatively short distance of the path. This probably accounts for the overall 
large positive error observed in Figure 6. 



A typical example of a night time record is shown in Figure 7. In general, the record shows a 
broad spread of bearings compared with the wave like appearance of the day-time records. It is thought 
that the broad spread of bearings, observed during the night-time is due to the night-time ionosphere 
being turbulent. However, only further investigations will clarify this matter. 

Exceptionally, wave like patterns have been observed during the night and such an example is shown 
in Figure 8 for Aran Juez (true bearing = 186.8 dogrees). The pattern, formed by the bearing fluctuations, 
is not as clear as those for the day-time records. For this record, the largest bearing perturbation 
occurs at 04-05 with a bearing error of 3 degrees. There is a gap in the record between 04-28 and 04-50 
and this was due to the transmitter going off the air during communication with shipping. 

Tho predicted MUF for the IF and 2F modes at 04-00 was 6.4 MHz and 4.2 MHz, respectively. Since 
the transmitter's frequency was 6.383 MHz, it was reasonably certain that the signal was propagated by the 
IF mode. On the assumption of a simple mirror type of reflection, the component of the ionospheric tilt 
in a direction normal to the great circle path, that would correspond to a IF mode is about 6£ degrees. 
This again suggests that relatively large ionospheric tilts are often associated with TIDs. 

The overall bearing error for the record shown in Figure 8 is around zero. For a southerly path, 
the systematic error, at about 04-03, would be about -0.1 degrees and this agrees reasonably well with the 
observed value of the overall error. 


Perturbation Persisting foran Extended Period 


The longest bearing perturbation that was observed is shown in Figure 9. The bearing showed a con¬ 
sistent error of about 2 degrees over the period 20-07 to 21-05- Over this period, the display given by 
the incoming signal appeared almost perfect - as indicated by the circles. The fact that the bearing 
perturbation does not show a zero crossing (ie, the bearing perturbation gives an error of the same 
sign) obviously shows that the component of the tilt, in a direction normal to the path, did not change 
sign. If it is assumed that the electron density contours, along a cross-section of the ionosphere 
disturbance, are semi-spherical, then the above results implies that the disturbance moved along the 
propagation path, ie, it is moving on a north-south (or south-north) path. The fact that the bearing 
perturbations lasted for almost an hour suggests that the disturbance took about an hour to cross over 
the mid-point of the path. 


Fastest Rate of Bearir 


ze and Ship Zone Effects 


The fastest rate of bearing change that was observed during the exercise is shown in Figure 10. It 
occurred on the Prague/Blakehill path between 11-33 and 11—41 during which the bearing error changed from 
+2^ degrees to -2j degrees, and gave a rate of change of bearing of about 0.6 degrees per minute. The 
corresponding change of the ionospheric tilt, in a direction normal to that of tho path, was from about 
+5 degrees to -5 degrees giving a rate of change of about 1.2 degrees per minute. This rate of change of 
the ionospheric tilt is based on the assumption that the mode of propagation was IF (predicted median 
values of the MUF for the IF and 2F modes were 18.0 and 12.0 MHz respectively) and that the reflection 
of the radio wave was similar to that of a mirror type of reflection. 


The bearing perturbation between 11-33 and 11-41 has a zero cross at about 11-37- It is assumed that 
the shape of the contours of the ionospheric disturbance, associated with this bearing perturbation, are 
semi-spherical, then a bearing perturbation with a zero crossing could be explained by a disturbance 
moving across the propagation path. In this case, it would mean that the disturbance was moving on a 
north-south (or south-north) path. 


The record in Figure 10 also shows a gap (or partial gap) in the pattern formed by the fluctuation 
of the bearing error. These gaps occur at 10-40 and 11-27. Figure 11 is a continuation of the record 
shown in Figure 10 and an additional gap occurs at 12-09. The gap at 11-2? ie a complete gap whereas tho 
gap at around 12-08 ia a partial gap. These gape were due to the failure of propagation along the great 
circle path, and not due to a discontinuous transmission. This was confirmed by the fact that the 
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transmitter was still audible while, at the same time, the display on the wide aperture array showed that 
the signal was being received by a scatter mode. The complete gaps were due to the signal on the great 
circle path completely 'dropping out' whereas the partial gaps were due to the signal partially dropping 
out. 


On each occasion when the great circle path 'dropped out' (either complete or partially), the value 
of the figure of merit decreased. Further, at these times, the bearing record showed a cluster of bearings 
appearing at about +8 degrees off the main pattern. Since the measured polar diagram at 18 MHz also shows 
that the first nulls occur at about +7% degrees off the main null, then the cluster of bearings are 
probably due to side-lobe effects. 5t these times, the best bearing is given by the nulls of the first 
side-lobes rather than the main null. The reason for this is not yet understood. 

Figure 12 shows the effect when the great circle bearing establishes itself as the skip zone moves 
over the receiver for the first time in the morning. As the signal on the great circle path strengthens, 
the value of the figure of merit gradually increases. This means that the display, given by the incoming 
signal, gradually improves. However, even when the propagation path is fully established, for this 
particular bearing error record, the figure of merit is relatively low. The reason for this is not known. 
At around 10-27, when the working frequency was virtually equal to the MUF for the path, a cluster of 
bearings, at +8 degrees off the main bearing, appear again. This is similar to that observed in 
Figures 10 an3 11. 

The overall bearing error, for each of the three records shown in Figures 10, 11 and 12, is 
positive. This is in agreement with the effect of the systematic tilts for an easterly path. 

3.9 Break Up of Pattern During a Bearing Fluctuation 

Figure 13 shows a break up of the general pattern of the bearing fluctuation. It occurs at around 
11-51 on 4 December 1970 for the Aran Juez/Blekehill path. During this break up period, there are a 
considerable number of good bearings - as indicated by the circles on the graph. This is unlike the 
previous examples where a gap (or partial gap) appears in the record and the value of the figure of merit 
abruptly drops - this case is generally associated with skip zone effects. The case illustrated in 
Figure 13 could well be due to the disturbance having a corrugated surface. However, at this stage, it 
is not possible to offer a conclusive explanation. 

3.10 C hange of Characteristics 

Figure 14 shows an abrupt change in the pattern at 19.15. The broad spread of bearings after 19.15 
is generally associated with night time conditions (see Figure 7), whereas the pattern like structure is 
associated with day time conditions (see Figures 2 and 3). The change in the characteristics in Figure 15 
was orobably due to the onset of night which occurs at that time. This phenomenon was repeated on other 
records at the sunset period. 

Occasionally, a change of characteristics has been observed at times when it has not been possible 
to associate the change with either sunrise or sunset conditions. An example is shown in Figure 15 in 
which, around midnight, the pattern gradually changes from a broad band of bearings to a wave like pattern. 
This might have been caused by the mode of propagation changing from single mode to multi mode. Another 
explanation is that the spread bearing record might have been caused by single mode propagation through a 
disturbed ionosphere, eg spread F, There is a gap in the record between 00-16 and 00-30, and this was 
due to the transmitter going off the air during communication with shipping. 

4. PRACTICAL IMPLICATIONS 


In practical radio communication, it is advantageous to use aerial arrays with narrow beams in order 
to improve the received signal to noise ratio. Further, the only limitation that would decide the 
minimum beamwidth of the array would be the bearing error caused by the effect of ionospheric tilts. The 
foregoing results show that, for path lengths less than about 1200 kms, the effect of ionospheric tilts 
can change the bearing of the incoming sky wave by up to about 4 degrees, relative to the great circle 
path. Thus, under these disturbed conditions, the signal to noise ratio would have been degraded if the 
signal was received ori a fixed beam aerial where the beamwidth was less than 8 degrees (assuming that the 
centre of the receiving beam was pointed towards the transmitter). However, it must be pointed out that 
the bearing error of 4J degrees was the largest bearing error observed for paths greater than 1200 kmc. 
Consequently, for paths less than 1200 kms, it is suggested that when receiving arrays,with fixed Learn 
of less tliar 8 degrees beamwidth,are used, some degradation in the signal to noise ratio can be expected 
as a result of travelling ionospheric disturbances. 

For short paths (path lengths of about 600 kms), bearing errors of up to 6J degrees have been 
observed. Thus, for these cases, a degradation in the signal to noise ratio could occur with beamwidths 
of as high as 13 degrees. 

It must be pointed out that, in the foregoing examination of the effect of TIDs, there has been no 
investigation of the bearing errors, an r. function of frequency, at the time of the disturbance. Thus, 
it is not possible to state whether a change in frequency might generally change the bearing error as 
a result of the sky wave being reflected in a different part of the ionosphere. It in interesting to 
note that Sweeney (1970) has reported that the bearing error of the low angle IF mode was generally less 
than that of the high angle IF mode. Further work cn the effect of frequency charges, using the array 
described in section 2, is planned. It is hoped that this new work will show the effect of changing the 
transmitter's frequency on communication links at times when they are affected by TIDs. 
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5. CONCLUSIONS 


This paper must be regarded as an interim report as it is proposed to conduct a considerable amount 
of further investigation along the above lines. Nevertheless, the results obtained clearly show that the 
effects of TIDs on radio communication can be important, particularly with regard to the use of fixed 
narrow beam aerials. The bearing records also suggest the presence of systematic tilts in the ionosphere 
but the bearing errors due to this source are generally less than those due to TIDs. 

It is planned to conduct further experiments in order to examine the effect of frequency on the 
bearing error under conditions when TIDs are present. It is also planned to use a vertical sounder at 
the mid-point of the paths in order to deduce the mode of propagation more precisely. 
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MESURE DES PENTES DE L'lONDSPHERE AU VMS INAGE DL L'EOUATEUR MAfiNETICJE 


par 

R.F. Treharne 


SOM'IAIRE 


Des observations, du type Bramley et Ross, de la pente de 1'ionosphere ont ete effectuees 
au voisj.na/ge de l'equateur magn6tique, De jour, ces observations etaient entravees par la pre¬ 
sence continue d'irregularites intenaes dans la region E, mais les pentes observees Bemblaient 
plus marquees, et presentaient un aspect systematique que l'on ne veit pas aux latitudes temperees, 
Elies etaient dirigees vers l'est dans la journee, et inversaient leur direction au coucher du so- 
leil pendant les mois d'equinoxe, Le soir, si 1'F diffus etait absent, on pouvait observer plus 
claireraent les pentes de la region F, Ces pentes observees le soir etaient beaucoup plus importantes, 
et duraient beaucoup plus longtemps qu'aux latitudes tcmperfes ; elles presentaient, en outre, des 
variations plus rapides et moins marquees, rappel ant dans une certaine me sure celles de Bramley et 
Ross, et qui pouvaient etre attributes rux ondes de gravit6, On dispose des resultats d'observations 
effectufes au coura de trois nuits, l'une en hiver, les deux autres en 6t£, Dans les trois cas, la 
pente maximal* (9 degrfe} avait lieu aux environs de 21 heures (heure locale), moment oil se produit 
habituellement 1'augmentation equatoriale en h'F aprea le coucher du soleil | cependant, dans le pre¬ 
mier caa (hiver) la direction £tait le Nord, alors que dans le second (ete), c'ftait l'Ouest, et dans 
le troisiimc (ete £galement), c'ftait l'Est, 

Au coura de ces trois nuits, on put voir les effets des variations de faible amplitude j 
celles-ci presentaient les caracterrstiques aliatoires habituelles, et au cours de deux de ces nuits, 
on put identifier les effete des ondes de gravite. Ces derniires semblent provoquer des pentes de 
quelques degres d'amplitude, d'une dur^e de vingt minutes environ,"provenant du nord en hiver et de 
1'ouest en ete, On a pu eatimer cette direction & partir des mesures directionnelles, et on a deter¬ 
mine la direction de propagation a partir de l'asym£trie de .la variation de pente avec le temps j 
les vitesses (i»9 a ’ <37 metres par seconde), les longueurs d'onde (38 i 37 p km) et les deplacements 
vertieaux (0,13 a 2,21 ».') ont ete calcuies a partir d'un module simple de perturbation ionospherique 
itinerante, Les variations ds faible amplitude ont ete s6parees des ccmposantcs plus importantes en 
retranchaot les valeurs lessees des pentes, 
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ionospheric tilt measurements the ha^ltxc dip kuuaior 


R.F„ Treharna 

Australian Defence Soiantifio S&rvioe 
Weapons Researon Establishment 
South Australis 


SUMMARY 


Observations of the Bramley and Ross type of ionospheric tilt have been made near the magnetic dip 
equator, During the daytime these observations were hindered by the oontinuous presence of the intense 
irregularities in the E region but the observed tilts appeared to be larger and to have a systematic tilt 
(biao) not seen in temperate latitudes; the bias was to the east during the daytime and reversed in direction 
at sunset during the equinoctial months. During the evening, if spread F was absent, the tilts of the F 
region could be observed more clearly. These evening tilts were of such greater magnitude, bad a much 
longer time soale than in temperate latitudes, and had superposed faster variations of a smaller scale, 
not unlike those of Bramley and Rosa, which mi 0 ht be attributed to gravity waves. Three nights of 
observations are available, one in winter, two in summer. In all three oases the maximum tilt (9 degrees) 
occur.ed near 2100 hours local time, the time normally associated with the equatorial rise in h'F after 
sunset, but in the first once (winter) the direction was north, whereas in the seoond (summer) it was west 
and in the third (also summer) it was east. 

On all three nights the effeots of small scale variations were seen; these had the usual random 
characteristics and on two of the nights the effects of gravity waves were identified. The latter appear 
to cause tilt amplitudes of a few degrees, some twenty minutes in duration, and in winter, appeared from 
the north whilst in summer the direction was from the west. This direotion was estimated fro- the 
directional measurements and the sense of the direotion of travel was determined from the asymmetry of the 
tilt variation with time; the velocities (49 to 197 metres per seoond), the wavelengths (38 to 376 kilometres) 
and the vertical displacements (0.13 to 2.21 km) were calculated from a simple model of the TID. The Mall 
soale variations ware separated from the larger components by subtracting the smoothed tilt values. 

1. INTRODUCTION 

Observations were made by Bramley and Ross (1951) in Southern England of the direotion of arrival 
of short radio waves reflected at the ionosphere at near vertical incidence; these observation* were 
related to local (usually travelling; perturbations of the ionisation density of the ionosphere. 

Bramley (1952) studied the statistical properties of the perturbations in terms of time and distance 
Variation*. Ihu apparatus oonsisteu 01' spaoea transmitters wm.cn emit tea pulses and a three dimensional 
direotion finder which employed phase comparison techniques (Ross et al., 1951). Observations (Treharne 
et al., 1965, 1969; Treharne 1969) made in South Australia in I960 and in 1968 (using similar but somewhat 
improved techniques) confirmed that, as might be expected, tilts with similar uharaoteristios were seen in 
southern temperate latitudes. 

This paper desorlbes soma observations of this type which were made near the magpetio equator 
(et 3 degrees north dip angle) on a few oocasions in 1969/71. During the daytime the influence of equatorial 
aporadio E irregularities (Cohen, 1967) dominated the observations; at night two situations may exist, one 
when spread F is formed and a seoond when very slow tilts of greatly increased magnitude are observed. 
Measurement of the F region was made difficult during the daytime by the presenoe of the magnetio equatorial 
saoradio S (MK^ES) irregularity (Treharne, 1963/ urough which the rays must pass to and from the F region. 
Sven so, some messurements have been possible but it vras not practicable to make continuous series of 
measurements of the tilt every few minutes as may be done when the MEQES irregularities are absent. At 
night, when spread F was absent, excellent til* measurements were made. These evenly tilts contained at 
least three ocimponents; a very slow, large component, medium soale components which appeared to be due to 
travelling ionospheric disturbances (TID), and small scale components of substantially random nature. 

The daytime and sunset t Its may be related tc the drifts tfcich have been observed near the 
equator (Harrison, 1963); the north south components of both drifts and tilts were small, the east west 
components of both showed reversals at dusk and the inoreesed variability of the tilts at dusk corresponded 
to the increased velocity of the drifts at this tins. However, the soales of these two types of observations 
are different; the tilt bias may have its origin in long term ionisation gradients of a diurnal nature. 
Certainly the large scale components of the evening tilts appear to be associated with the post sunset 
rise in h'F (Treharne, 1971) again of a diurnal nature. The small scale idles appear to be of a substan¬ 
tially random nature, as reported by Bramley and Russ (1951). 


This paper is conoernod primarily with the medium soale components of the evening tilts which 
appear to be caused by TIL)'a and are therefore of some .nterest to this conference on gravity waves. 

2. APPARATUS 

The apparatus used is shown diagramatioally in figure 1. This is similar to that described 
elsewhere (Treharne et al., 1969; Treharne 1969/. Only a brief description will be given here. A 5 k'V pulse 
transmitter (pulse repetition rate 50 pulses/s of pulse fidth lOOps) and a 25 a vertical delta antenna whose 
plans was oriented at 43 degraes to the direotion of the earth's magnetio field were used to illuminate the 
ionosphere overhead. Echoes from the ionosphere were received on a direotion finder comprising four 
horizontal dipoles oriented in the direotion of the earth's magnetic l'iold and each looated at the corners of 
a square of 100 m diagonal and with two sides in line with the earth's magnetio field. The four dipoles 
were used in pairs to form two orthogonal arms of a three dimensional interferometer; measurements were 
*» : . ■** * n*>4«ra1 rVtn wnvma a»n F»V* 'NW In *-»irn 



Each dipole was connected via balancing transformers and ooaxial oablss of equal lsogth to the 
inputs of two h.f. hybrid transformers giving sum and differsnoe outputs for the first pair' of dipoles 
and similar outputs for the aeoond pair of dipoles. Solid state diode sv»Itches were used to oonneot the 
signals from each arm in turn to a twin ohannel reoeiver which converted them to an intermediate frequency 
of 100 kHz, maintaining phase and amplitude equality of transmission through each ohannel of the system. 

The i.f. signals were displayed on a cathode ray oaoillograph (CRO) but a fixed 90 degree phase shift 
network was inserted in one lead to the CEO to compensate for the fixed 90 degree phase shift introduced 
by the hybrids. '/Then a simple wavefront impinged upon the antenna system the signals displayed formed a 
straight line of slope 0 which was s function of direction of arrival of the normal of the wavefront with 
respect to the direction of the ana. Thus, for the first arm. 


and for the seoond arm, 
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where ^ is th* angle of the trace on the CEO 


( 1 ) 

( 2 ) 


a,p are the direotion angles of the wavefront normal with respect to the first and second arms 
respectively 

A Is the wavelength of the radiowaves 
d is the diagonal spacing between the dipoles 


The direotion angles, being large for near vertical echoes, were used to obtain approximate angles from the 
aanith 6 and S by subtraction from 90 degrees. These angles, which are measured from the zenith, may be 
regardedfas ort&ogonal components of the direction of the returning rays reflected normally at the tilted 
ionosphere. After oorreotion for the orientation of the arms of the antenna with reapeot to the true north, 
these angles may be plotted in cartesian coordinates. 


The intensity of the CRO display was normally adjusted so that the trace was dark. Automatic 
circuits were used to brighten the display provided both of the following conditions were mot simultaneously t 

(a) the phases of the two signals on the CRO were equal (to within a predetermined tolerance, typically 
10 degrees) for a period of time corresponding to an adjustable number of i.f. cycles (typically 6 
pyolos); this tested the wavefront end avoided asking the simple interferometer to attempt readings 
when the wavefront was oomplex and beyond its resolving ability, 

(b) the time of observation was restricted to the 20CfciS which followed a predetermined and adjustable time 
delay after the transmitter pulse. 

Provision was made to disconnect automata.oaliy ail toe feeders from tne receiving dipoles for the duration 
of oaoh transmitter pulse to avoid saturating the reoeiver. 

3. OBSERVATIONS 

Daytime observations, including some at sunset, were made intermittently for a few months early 
in 1969. With the exoention of short periods immediately followed a period of normal Es which occurred 
sometimes in the afternoon, all the daytime and sunset observations were made with great difficulty due to 
the modulation of the direotion of arrival of the rays from the F region by passage through the VEQES 
irregularities. A feature of the daytime results was a bias to the east of the order of 2 degrees which 
reversed, increased to 3.5 degrees to the west and became more variable towards sunset. These were spot 
observations, made at isolated intervals; it was not practicable to make continuous sets of observations. 

During tho daytime (OSOO to 1730) the average tilt was 2 degrees east with a northerly scatter 
of up to 1 degree and southerly scatter of 1.2 degrees; on one occasion alone did the tilt move to the 
west (0,5 degrees;. At sunset (1830 to 193 OJ the average tilt was 3 degrees to the west with a northerly 
scatter of up to 1.8 degrees and westerly soatter up to 9.3 degrees; the most easterly tilt observed during 
the sunset period was only 1.8 degrees (Treharne, 1971). 

During the evening (1930 to 21 ( 00 ) observations have been made on a few ocuasions, viz., 26 and 
28 November 1970 >20 and 21 May 1971. On the 28 November spread F was found to be present and tilt 
observations were not taken due to the v-ry variable nature of the direotion of the returns from the F 
region. However, it was noted that at 6 MHz the A—s can, although spread and varving rapidly in a manner 
reminiscent of the type of sohoes seen from ground baoksoatter, did appear to have a favoured time delay 
for which eohoes were re'taorned strongest and most frequently. This behaviour was consistent with tho 
ionograma associated with a rectangular equatorial spread F which has been described by Calvert and Cohen, 1961 . 

On the evenings of the 26 November 1970, 20 and 21 May 1971 , on the other hand the spread F 
condition was absent but some remarkable tilts were observed; these tilts were stror^ly biased to *he north 
and to a lesser extent to the east, their m&piitudes were larger than observed in teoqwrate latitu. es aid 
their peried was severs! tiw** greater then reported to date. The north component of tilt is shown as a 
function of looal time in figure 2. Starting at 2000 hotirs (5 degrees) the tilt 3 lowly inoreesed, reaching 
a peak of 9 degrees north at 2100 hours, then slowly reduoed to about one degree north at 2300 hours. The 
corresponding easterly tilt variation ia shown also in figure 2 } it has less magnitude although there is a 
distinot maximum easterly tilt of some 6 degrees at the same time as the peak in the northerly tilt, namely 
at 2100 hours. It should be noted that the general smooth shape of the northerly tilt variation of figure 
2 , is also found in the virtual height variations (see figure 5 ;and that the peak in tho latter appears 
about 30 min earlier than the peak in tilt. 

Measurements of virtual base height. (h'F) and the virtual height at 6 KHz have boen scaled from 
the ionograma and plotted in figure 4. Again there is a peak in both parameters around 2000 hours and a 
steady fall of the order of 100 km during the fallowing two hours or so. 


On the 20 May 1971 the peak tilt occurred at 2010 hour* and had a magnitude of 6,5 degree* eest 
with a corresponding south oomponont of 2 do grow a and a height peak (at tha same tins; of 343 ins. On the 
othar bond , on 21 May tho peak tilt was 9 degrees to th* w,»*t and had a couth component of 2 uegreea. 

Plots of the efelling tilts are shown in figures 3, 6 and t. 

Tho evening tilts show snail departures from the smoothed tilt which night be attributed >to TID'e 
These will be exaained in greater detail in section 9 below. 

4. 0BSKRVAT1GN Or TRAVELLING lOKOSPHhalG LIoTURB aNCKo BY 1Kb TILT MKTHCb 

Bramley and Ross (19b1J published a good example of the observation of a TIL by neons of 
ionospheric tilt smasuremsntsi series of such measurement* (nada at about minute intervals at two stations 
about 27 k» apart in an east west direotion; were plotted in their figure 10. The characteristic snoop of 
the tilt values to « staximum, in this oase in the direction 123 degrees, wat seen clearly at both stations. 
The disturbance was seen to ooour at Winkfield after Theale by a minute or two, thus confirming that the 
direotion of travel was 123 degree* and not tha reoiprooal of 303 degree* (the opposite sense of direction; 
Thus the direotion, including the sense of direotion, was given by the direotion of the maximum value of 
th* tult, It should bo noted that the sense of the direction of travel of the TIL may also be inferred 

froe the shape of the variation of the component of tilt along the apparent direotion of travel knowing 

th* shape of these disturbances. The latter la Illustrated in figure b. An observer on the ground sees 
rays reflected at normal inoidano* from the rippled ionosphere; these rays are seen to nov* slowly from 

the seni.th as the TIL approaches, reach a maximum value of tilt, suddenly fall through sere tilt as the 

posk of the YX.0 peases overhead, and then take negative values as the trailing edge of the TIL pasaes. 

This behaviour osn be aeon In the Theale tilt* by resolving them along the 123 direotion os lias bean done 
in figure 9, using a solid line. The dirsotion of travel of the TIL is given by the direction of the 
3L02LY changing tilt components (a) which is followed by a >’ALT return of the tilt value (b) in figure 9. 


A theoretical shape for this curve ha* teen described by Georg* (197 2-1 following hi* figure 
8(cJ. This shape is illustrated by the broken line in figure 9. Clark* ( 19727 has used an approximation 

to the shape of a TIL consisting of two oontlguou* ainewtvea of different wavelength. He has shown that 

the horizontal phaae velocity of propagation of tlfe TID, V , is given by, 

V px ■ 2h (tan 6, + tan 0,)/(T - 2r) (37 

wtier# h is the unperturbed reflection height 

6, is the modulus of the maximum tilt angle on the leading edge 

f 3 is the modulus of the maximum tilt angle on the trailing edge 

T is the period of the TID 

v is the time interval between the oaourrano* of the maximum tilt angle on tho leading and the 
maximum tilt angle on the trailing edges 

The horisontal wavelength of the TIL la 

K - V T (47 

x px 

The total vertical displacement la 

I • Aj tan 6, . tan / n ttan 6, t tan S 2 ) (3) 

It la possible, therefore, to measure at a single site a number of the properties of TIJ 1 • as by observations 
of the apparent ionospherio tilts caused by the passage of th* TIL's overhead. However in soma oases the 
tilts produced by the TXL'a have superposed large tilt components due to uiurnal effects; this is 
particularly notLoeable near the magnetic equator. If the TIL effects art to bo studied it is necessary 
to remove the diurnal components by subtracting the tilt values observed from the smoothed tilts. This 
introduces a degree of uncertainty in the central reierence of the tilt information. It is no longer 
prectioeble to neaeur* S, and 6, separately, only to measure their sum, A. 


Then, for small values of tilt angle, equation (}) becomes : 

V px . 2hA/(T -2r) (77 
The wavelength, A , is given by equation ( 4 ) but the total vertical displacement, I, oannot be obtained 
from equation (3) due to tha amcothing technique used. 


For small tilt angles equation (5; may be simplified to 
I « 2 A^ e, Sj / v A 

Put K m 6 2/ (61 1 6 2 ) 


( 8 ) 


Then 

I - 2 A x A a (1 - «7 (1C7 

where A is measured in radians, 

Tho value of x ory be estimated from the data of Brumley and Ross (19517 for example, 
a . 0.36 

Then equation (9; becomes 

I * 2.56 v 1Cr 3 .“. A x (li; 

where A is measured in degrees. 

It is not clear that this value of 1 : eeen in Sngland is necessarily applicable to the equatorial 
site, however, it may give an indication of tha order of magnitude of the displacement of the TIL's seen. 


5 


MEDIUM SCALE CONSTITUENT OK TUT MJK Tv Til) 


In addition to the largo alow variation in the tllta ass-i no ax the magnetic equator smaller 
aoale variation* occur, sou figure 7. These amaliar and leator constituents say ba separated from the total 
tilt by the aubtraotion of tha anoothad constituent from the total tilt value*. The alow variation has been 
removed and tha T1D oomponant plotted in figure 10. Note that the aoale of figure 7 1* one tenth that of 
figure 10. Tha effeota of two TXD’a stay be aaen in figura 10; bolh cause the pattern to be elongated in an 
approximately eaat and west dirootion (aura preoiaely along 10c or 226 degree* froa north). 

Sinoe it ia uaoeaaary to remove the large alow component of tilt by aubtrue.ting the smoothed 
tilt values, the valuea of figure 10 have no central reference, even so, asny of the properties of tha TIP 
aay still be obtained as discussed in paragraph 4 above. 

At laaat eight TIP*a have bean identified in the three night* for which observation* era 

available near the nagnotio equator. The characteristics of these TIP's ar* given in aiabuafy in Table 1. 

Thi* table contain* the place of observation, data, season, ioo&l time, the number of TIP's observed, the 

duration of tha TIP (T), tha amxlmua tilt interval (y), tha quantity (T - 2b ;, the dirootlon of travel of 

the TIP, the maximum tilt excursion (fi, + «, « A), tha height of unperturbed reflection (hj, the hotl tontal 
phase velooity V , the wavelength of the TIP # the vartioal dieplaoaawrt (II calculated on tha baeia 
of * * 0.36, thar sounding fraquanoy of tbs radiowaves, and the geoma^netia planetary index (K ;. For 
comparison purpose* Table 1 also bas similar charaotarlatios for .IP's obrarved in Houtn Australia 
(Treharne, at al., 1966;, in England (Braalqy and doss, 1951) anti In Quson"l&nd (Clarice, 1972; . 

6. DI3CU6SIUN 

Although the tilt data «v liable froa tha region of the aa^ietio equator is very limited it 
appear* that the TIP'* aaen by Branlay and Ross (1951) and discuss*i by Ucorgo (1972) oortainiy do travorae 
the equatorial region where they may b« observer by tn tilt muthuu., In the evenings (if spread Pis 
abeent) several TID'a have been observed having duration* of the order 20 minutes. Their direo*ion* appear 
to be oeaaonally dependent, for this Asian site junt north of tha magnetic equator, the direction of travel 

of these TIP'* in local winter was from tha north; ig local summer the direction of travel of tne TIP's was 

froa west to wi% The winter otnUrveticiu favour the suggestion that TIP's may travel from the winter 
pole; whereaa jp* summer observation* favour eioitation by some equatorial source (Kent, 1965). 

Observation* of layer tilt* have also been made in Canada by Burtnyk, et al (1962) and rsoently 
■ora observations have been made by HaoDougall (1966; in England. Stirling, et al (1971) lyve made 
observations of TIP'* at the magnetic equator using two incoherent soatter systems apaoed east said west. 

They observe TIP's travelling in a north/south uireotion thereby oori'irming the theoretical predictions 
■adm by Hooke (1970). On this basis the west-east TIP*a reported near the omgnetio equator (see Table I; 
are unexpected. 

Davies (1968) has observed by « Popplar technique in equatorial Afilo» swoopers which he desoribee 
as asymmetric ataospherio waves propagating from west to east with velooitisa in the range 100 to 150 ay's. 

These swoppera have a period of 60 minute*, occur at night, have a wavelength oof the order of QOO km, appear 

to b* asaooiated with tha ooourrance of Spread F (not its sb««noa> and have a warlord minimum in summer. 

It 1* unlikely that swoopers ar* the saws type of disturbance aa described in this paper. 

The TIP'a seen near the magnetic equator appear to be somewhat weaker, slower and shorter than 
those seen by a similar technique in mngland, South Australia and Queensland. 

7. CONCLUDING REMARKS 

Observations of the direction of arrival of radio wavs a reflected at the ionosphere at near 
vertical Inoidenoe does to tha magnetic equator have shown tllta having - 

(a) a systematic bias to tha east of two degrees during the day time 

(b; a three degree systematic bias 4*ith greater variability; to the west at sunset 

(o; large valuea in the evenings containing alow components which appear to be related to the post sunset 

peak in h'F, medium components whioh appear to be caused by TIP's and small components of r. random nature 

In this paper the characteristics of s few equatorial TIP's are described by observation of the 
ionospheric tilt* whioh they produce. It r*bc.s possible that the TIP'a seen in equatorial regions at 
night may have acre thin one origin, perhaps polar in winter Mid oquaUurax in summer. They may be of a 
different character; certainly the summer TIP'* appeared to move more slowly than the winter TIP's. The 
latter ware directed north to south whereas the simmer TIP's were directed nest to east. These west to 
east TID'a have not been observed near the magnetio equator by the tilt method before and current theory 
suggest* that their probability of ooourreoo* ia low. 
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pulse 

Figure 1 Bio ok diagram of apparatus used for the observation of iopospherio tilts. The ionosphere 
is i. l uflunsted with pulses of radio naves by means of a pulse transmitter and delta antenna. 
Kohoes are returned at greatest strength for rays nhioh are "normal" to the apparent surface 
of th* ionosphere. The direction of arrival of these echoes is measured by means of four 
dipole whloh form the two arms of an orthogonal interferometer. A wavefront test io applied 
automatically to select moments .then the wavafront Is simple and capable of resolution by the 
simple interferometer. A strobe is used to seleot the small time interval corresponding to 
the reflection height needed. 
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figure 4 Ionoaonda observations of tha baaa height, h'F, aud the virtual height at 6 tiHa for the period 
aovered by Figure 2. 
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figure 3 Plot of individual tilt observations Dad* on 26 NoTeabftT; 1970* TUI* it Uit taut data at 
girwn in Fiflur* 2. 
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Figure 6 Plot of individual tilt observations made on 20 May, 1971* This is U»e *«»" data a* given 
in Figure 2. 



Figura 7 Plot of individual tilt observations made on 21 lL:y, 1971. Thia is tha game data as given 
in Figura 2. 
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Figure 9 Variation 0 : apparent tilt of returned eoho with time. The solid line as observed at 

Theale by bramley and loss (1951J. The part marked a corresponds to the slow inart ase in 
tilt as the leading edge ol’ tne TIL) approaches; the part b corresponds to a faster change 
in tilt as the leading edge of the TID approaones its orest. The broken line is an ideal 
representation of the shape of this charaoteristio. 
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21 May 1971 


Figure 10 Plot of difference between ob* ~ved tilt and smoothed tilt value. Scale is enlarged ten 

tir.es that used for Figures 5 to 7. The direction 108 degrees is identified as the direction 
of travel of the "lb system. The tilt angles are resolved along this direotion of travel, 
the displacements at right angles to tnis direotion are ignored. Two T.lb'a are shown, 
one starting at 2020 local time and a seoond finishing about 2139. 
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SOMAIRE 


Lea auteurs presentent les r£6ultats prgliminaires de dgtections d'ondes atmosphfiriqueB 
produitea par la localisation d'ondes de choc engendrees par des aviona aupersoniques, Le3 tra~ 
jectoires de vol furent choisies de faqon que lea ondes acouatiques et de gravite qui suivent 
l'onde de choc aoient focaliaees au sol apres rgflexion par la stratosphere } ou dans la couche E, 
Des ondes infra-acoustiques fUrent dgtectges au aol grSce a un corrSlateur infra-acoustique de 
2 Hz, Dans la couche E, les ondes furent detectees au moyen d'unc technique de Bondage vertical 
modifiee. Les resultats obtenua au coura de 11 vcls d'essai montrent que l'on peut faire appel 
avec aucces a la technique de trajectographie pour predire la propagation dec ondes atmospheri- 
ques qui suivent lea fronts de choc. 
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ON THE GENERATION AND DETECTION OF ARTIFICIAL ATMOSFHERIC WAVES 

Ludwik Liszka 
^md 

Sixten OXsson 

Kiruna Geophysical Observatory 
S-98L 01 Kiruna 1, Sweden 


ABSTRACT 

Preliminary results of detection of atmospheric waves produced by focussing of shocks generated by 
supersonic aircraft are presented. The flight trajectories were cltosen so tliat the acoustic gravity waves 
following the shock front were focussed on the ground after reflection from the stratosphere, or in the 
E-layer. Infra-acoustic waves were detected on the ground using a 2 Hz infra-acoustic correlator. At the 
E-layer, the waves were detected using a modified vertical sounding technique. Results obtained during 
11 test flights have shown that the ray tracing technique may be successfully used for predicting the 
propagation of atmospheric waves aollowing shock fronts. 

1. INTRODUCTION 

Propagation of atmospheric waves in interna], gravity anti acoustic gravity regions may be easily 
studied using the ray tracing method for the group p^lIi developed by Cowling et al. (1). The method applies 

to a model atmosphere with stratified winds. The method is further based on the dispersion relation for .an 

isothermal atmosphere and for waves with small amplitudes only. If the method has to be used for location 
of sources of the natural infrasonio and internal gravity waves produced it high latitudes by auroral 
mechanisms it is necessary to fina a way of vari.fying it. 

A convenient method of testing cf the method has been found by applying it to atmospheric waves 
produced by supersonic aircraft. It has been stown by Meye ' (2,' that the slock front produced by a 
supersonic source is in the far zone followed, at any given point in space, by a decaying oscillation. 

The major part of the oscillation energy is located with the uppermost frequency range of internal gravity 
waves -and the lowest frequencies of acoustic gravity oaves. The waves travelling upw .ds are amplified 
(Daniels et al. (3) due to the density stratification in the atmosphere. 

The idea of influencing the ionosphere by the shocks produced by supersonic aircre t lias been 

developed by Marcos (4). Flight trajectories of supersonic aircraft were chosen to obtain focussing of 

the shock at ionospheric altitudes. Effects of ttie shock on the ionosphere were detect'. I studying 
frequency shifts of radio waves reflected ar tlx’ point where the waves wer focus, d. 

In the present experiment, flight trajectories of Saab-35 Drukeri supersonic aircraft were programmed 
in two different ways in order to obtain: 

(i) Focussing of waves on the ground after reflection from the stratosphere at about 40 km altitude. 

(li) Focussing of waves at the E-layer. 

During the f> -,t test period, ]2-15 January 1971, six flights were; performed, three along < ch of 
two types of trajectories. In all three flights along the type (i) trajectory, clear ground effects were 
observed. During three fliglts with ionospheric focussing clear effects w:~e observed during two of them. 
During the second test period, 1-3 February 197! , five flights were performed. The .flights were performed 
along the type (ii) trajectory, although the deceleration of: Die aircraft in the final part of the f light 
was programed during 15 seconds to obtain focussing effects on the ground. During four flights rather 
clear’ effects were observed noth on the ground and in the E-layer. During the flight on 1. February i.’71, 
ground measurements of 2 Hz sign, were imp's<.tb!.e due to a strong wine and the ionospheric measurements 
were uncertain premise the E-layer reflection w»s very weak and unstable. The present results indicate 
that the r..y tracing method may lie sat *uctorily applied for cvi! -illation of flight trajectories for which 
the focussing of waves will occur. 

2 . CALCULATION OF FLlUtT TRAIL'.TORIES 

It has ix-c.'i assumed tl.'.t the direction of tin- group velocity ot the wivi picket ...dkwing the shock 
front in normal to the shock float. Tlte orientation ot the shock fr.nt in determined by the <. ’action of 
t lie motion (see Fig. 1) and the Much angle. The Much .ingle is defined as 

tin ii - a/ ' - 1./M (l) 

where a is the ’ocal sound velocity, v is the viloci'y of tin ti remit .u. l M is the Mr eh nunlxn . Foi a flight 
tmjectoiy wit h ...ovation c the slope cf the i:< aul t > the upward going shock f ront i., <>* given t,/ 

tgii ' .1° ♦ r. - an-igd/M'' - 1). (7) 

T.,e pr : lie i pie tor ton , iug of t tie w ,<e pickets is - town in Fig. . u,b for tra lec.uries !yjx> (1) and (7), 
respect ively In outer to ’brain focussing i joint X f rays genera 1 . 1 along the trviject. »"• ’«• tween pants 
1 and 2 following conditions mu ,1. ;»• tulii 11 led . n any piir ot points i , j of 1he traji.i toi-y part l-?: 

1) Riy pith , f mm points i <uh! ) sins' imersei in Hie point. 

■/', "arret i, tub , .. it. line Vi ., ..c. tin tciv.-i • nv- net wen ,«au- I and X 

lx* equal to 'tie sum of t tie tie"-] time !<• "-ve.il j and X .u*i he f 1 ignt t ir ■ betwei i and !■ 
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. i*s . id* d c .pi >■ : piezoelectric micropfunes. The fuselino of the correlator tus 
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wtves ts.-usso: .i. * n< i n ixitv xxirv detected us ing i rnrxlif ied vertical southing 
Weiopuf "t : r .• retie >. i. recorder" (Olssun (7)) tu: teen used to record the 
’ ie.il ttof In • i •! > Ml/ pulsed transmission. The virtual heigh* was nieasatyxl with 
.’•iritg tt« ptv .c;.t ex|."-Inert the Height interval 8!»-18!> ton wus selected on tlie 
I tfii 1 1 irst |.-t ie’ > r r apfx-.aring in this interval was recorded. On lb January a 
■ irlxtmr i ,> - wilt, i not.pharic absorption occurred which limited the amount >1 

■ MH.- in! etu! :m! nigh-accuracy measurements of the reflection height. Also during 
i", 1 1 171 a ’ u • : -1 iyer war. jir*‘V.?nt which enabled measurements of reflection height. 
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flight prcgnanued for the focussing of inf m-ocoustle wnvtts ui th< obsoi-ving site on tlw ground, ft may tie 
wen that the 2 Hz signal is mululated with a low (requeue*/. In par*iculor, in the initial phase u.t the 
focussing a period of 2 tain nay he clearly observed. The solid .arrow on tty diagram shown tire expected 
start of the infna-arjouatie signal, calculated under assumption that the waves propagate with tty velocity 
of sound. The duration of the 2 Hz signal .is very large and cannot he simply explained. No ground wind was 
measured during this experiment. It must be remembered tint the waves rccor'led on the ground tiMVcIled 
along a distance of the order of 200 km. No acoustic signals witty teard during this experiment at: the 
recording site. 

An example of recording of ionospheric effects of shock focussing during flight No. f. on l*i January is 
shown in tig. 4. Tte recording gives the reflection height of 3 MHz ixtlr.es transmitted from Kirtuvi. The 
broken Line along the time axis shows tfie approximate duration of the supersonic part of tte flight. The 
solid line indicate the part of the flight during wtiich the iitfra-ac:o>jst.ic waves were focussed in the 
E-layer. The solid arrow indicates the expected time of arrival of infra-acoustic waves (6-sec period) to 
the 100 km level measured from the start of focussing trajectory. The empty arrow indicates the expected 
time of arrival of waves with periods close to the Brunt period (2*b min). It: may be seen that the reflection 
height starts to oscillate much before the expected time of arrival of infra-acoustic wives. This is Uie 
case during two other' flights on the same day and it is difficult to say if the flights coincided with a 
natural variation ol the reflection height, or if it fas teen caused by shock waves produced at the very 
beginning of the supersonic trajectory. Another reason for the earlier onset of oscillations may be due to 
the fact that the shock front travels, in general, with a velocity V,. larger than the velocity of sound. 

After Friedman et al. (8) V s is related to the pressure jump in the shock front as fellows: 


v o * . 

r llL 1* 

1 + 0*435 


*[ x + ~y 6 ; ,a 



where a is the sound velocity, y is the ratio of specific heats, and < is the relative overpressure. As the 
shock travelling upwards is amplified (Daniels et al. (3)), velocities appivciably larger than the sound 
velocity may easily be achieved at ionospheric heights even for slocks which are weak in the lower 
atmosptere. 

It is interesting to compare present results with tlose obtained during similar exjjerimunts by 
Marcos ( l -). Ionospheric effects were detected there by a pfiase path technique giving merely the derivative 
of the phase path length. His experiments hive shown small phase path changes of the order of 1 Hz with 
durations from 20 to 30 sec. This corresponds to the resulting overpressure at E-layer of 20 per cent. 
Ionospheric effects observed by Marcos seem to te caused by the redistribution of the ionization during 
the passage of the stock front. Decayirg oscillations following the shock front, which were observed in 
the present experiment, are too slow to te easiLy observed by the phase path technique. 

The main result of the present experiment is that the ray-tracing technique based on the linear 
theory may te satisfactorily applied in studies of propagation of atmor.plieric waves following shock fronts. 
The ray-tracing technique may thus te used in studies of the source of atmospheric waves associated with 
the auroral activity. These waves, according to Wilson (2), are produced by auroral arcs or surges moving 
with supersonic velocity. Accurate ground measurements together with the ray tracing technique are planned 
to be used for testing the above hypothesis. 

Another interesting aspect of the present experiment is that even a relatively small supersonic 
aircraft when accelerating in a particular manner may influence in a measureable way the E-layer. 

Only direct rays have teen taken into consideration in the present exjieriment. Rays ref lected from 
the ground are attenuated at the ret lection and by the much longer propagation path. For an aircraft 
flying at an altitude of 10 km at Mich 1*42 the propagation path to E-layer for reflected rays is about 
23 kn longer than for direct rays. 
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Fig.3 An example of the 2 Hz correlator recording during flight No. 3 on 14 January 1971. The broken line 
along time axis shows the approximate duration of the supersonic part of the flight. 

The solid line indicates the part of the flight programmed for the focussing of 
infraacoustic waves at the observing site on the ground. 
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Fig.4 An example of reflection height recording during No. ft on 15 January 197) Duration of supersonic and 
focussing portions of the trajectory is shown as in Fig. 3 The solid arrow indicates 
the expected time of arrival of waves with the period of 0 sec; the empty arrow indicates 
time of arrival of waves with the period of 2.5 min. 
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Discussions on paper presented in Session III 
(Rsaicelectric studies on acoustic pprsvity waves in the neutral and ionized atmosphere) 


Discussion on paper 22 : "Observations of gravity vavea in the height range 50 - 70 loo" ,by o, PQF0RA„ 


Dr. 0. LAHQE - HESSE : Have you made sure that the variations in VLF amplitude an phase you have shown 
are not caused by mode interference 7 

Dr. G. FEROHA : In Turin, the ground wave is presumably very small, since Turin is just behind the Alps, 
The two-hopa sky vava is strongly attenuated, since the reflection coefficient at the path midpoint is 
very small (the peth midpoint is in the industrial area around Paris). Therefore the signal received in 
Turin is mainly due to the first-hop sky wave, and node interference does not seen to be possible. 


Discussion on paper 26 ; "Ionospheric perturbations caused by long period sound waves generated by Saturn - 
Apollo rocket launches' 1 , by G 0 L, RAO, 


Dr, T.M, GEORGES s 1° - How do your digital-processing techniques account for multivalued Doppler traces 
comsonly seen on analog Doppler records and hrv do you determine when "mode - switching" occurs in your 
equipment 7 

2°- Your ftequency-vs time recordJ appear very ouch like the 3-5 min, vavas associated with severe 
storm#, including the "beaded" appearance of the wave envelope. This suggests the presence of two closely 
■paced frequencies such as those shown by Davies, Does your spectral analyaia reveal the presence of these 
tvo frequencies 7 

Dr, G,L. RAO i 1° - This is one of the disadvantages of using digital recording of the data in our system, 
the stronger mode that appear at the time of digitization is usually recorded which means that there is a 
possibility of mode switching in our form of recording, 

2°— We have not clearly noticed presence of two frequencies in our spectral analysis of the CW 
Doppler data for 1sturn-Apolio launches. 


Discussion on paper 27 : "Observations of travelling ionospheric disturbances at London, Canada", 
by .T, LTTVA. 


Dr, H. FUSHBETH : You observed TID's on only nine days out of a period of 1 1/2 years, Dobb this mean that 
TID'» warn rare, or does your equipment select only certain kinds of TID 7 

Dr, J, LTTVA : I suspect that my equipment, as all TID sensing equipments, is most sensitive to certain 
type of TICS, The sun, during thia period of time f acted as a radio source for a total of only 11 or 12 
days. Therefore ny equipment was a TID sensor during this time interval only when the sun was a radio 
source. 

Dr. K, DAVIES : How does the velocity of the TID'o observed by you depend on vave period 7 

Dr, J, LTTVA : I measured the velocity of TID's at tvo vave periods p namely 21 minutes and 6 minutes. 

The velocity of tha former was about 1 000 km/h, and that of the latter about 200 km/h p therefore, for 
these two measurements the velocity of the larger period TID was greeter than that of the lower period 
TID. 


Discussion on : "Ionospheric tilt measurements near the magnetic dip equator", by R,F, TREHARKE, 


Dr. H.P. WILLIAMS : The ionospheric tilts referred to by Dr, GEORGE would presumably not include the large 
■cole tilts caused by the transition from a sunlit to a dark region. We found in oblique soundings across 
the Atlantic that auch large scale tilts could account for the 50 < or so extension in the MUF which occur¬ 
red when the sun was near either terminal, I think it is important to bear this distinction in mind since 
the significance to the communicator is very different in the tvo cases. 

Dr. P, GEORGE on behalf of Dr. TREHARKE : We would agree that the significance of large slowly varying 
gradients and smaller more rapidly varying tilts to the cceununicator vill in general be rather different. 
The communicator it more often concerned with thi relation of his operating frequency to the MUF, and the 
large gradients vhich vary more slowly in time are of s .jiificanct here. Treharne's results do include 
these large slowly varying tilt effects and they must be removed in order to study the occurence of TID's, 
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Dr, J, R0TTOER t Aa 1 understood you cannot observed TID's during spread F conditions. Is ay assumption 
right that TID's are not, absent vhen spread F is evident T 

Dr. P. GEOROE : Since ve cannot usually make observations or angle of arrival with this equipment vhen 
spread F is present I sa unable to ccaaent on an experimental baaie on whether or not TID's ere also then 
present, Froa a theoretical point of view I would think it aost likely that TID's and spread F do coexist, 
I might even speculate that TID'e are associated in the ease way with the production of tone forms of 
spread F, 

Dr, G, LERFAID : If ths amplitude of a TID is sufficiently great, returns may be obtained simultaneously 
from more than one reflection point. Can the equipment described in this paper deal vitb multiple reflec¬ 
tions and, if ao, are any results available 7 

Dr, P, GEORGE : The equipment described in this paper is deliberately designed to make measurement of di¬ 
rection of arrival only when a single mode is instantaneously present, that is, it tests for plane wave 
front conditions. The equipment can of course be used to measure directions of arrival, on 1st, 2nd or 
any order mode provided only that such measurements are not simultaneously possible. 


Discussion on paper 30 : "On the generation and detection of artificial atmospheric waves", 
by L. LISZKA aaJ S. otSSON, 


Dr, B. MURPHY : I am interested in your statement that the infrasonic signal observed on the ground is not 

an N wave, that the high frequencies are filtered out. Does this mean that the signal no longer begins 

vith a steep rise or does it mean that the dominant period of the disturbance has increased (as one might 
expect from nonlinear, weak shcck, effects) 7 

Dr. L. LISZKA : As we can see it with our narrow band equipment the rise time of the U - wave does not 
change very much, but there is a tail of lower frequencies following the M - wave. The larger the distance 
from the source, the longer seems to be the tail. 

Prof, R.K, COOK : The train of sound waves which follow after the N - wave of a Bonic boom might have se¬ 
veral origins. If a supersonic aircraft passes almost directly overhead, a few kilometers above an obser¬ 
ver, he will hear the jet engine noise immediately after the sonic boom. All of the engine noise is con¬ 
tained within the Mach cone cf the supersonic flight, end therefore is not audible until the cone has pas¬ 
sed over the observer. When an observer is off to one side, Uo - 50 km away from the flight path, then he 
usually hears a low-pitched rumbling sound. This is mainly reverberation of the sonic boom energy, arising 

from scattering and reflection of the sonic boom by trees, buildings, etc. At the end of a very long pro¬ 

pagation path through the atmosphere, 300 km or greater, the sonic boom energy might reverberate for a 
time duration of a minute or so. The reverberation observed at such locations is inaudible. The sound wave 
energy is concentrated at infrasonic frequencies. The reverber tion arises from scattering of the Bound, 
in transit to the observer, by atmospheric inhomogeneities rather han by dispersion in sound velocity at 
various frequencies. 

Dr, L. LISZKA : A part of the "tail" following an N - wave may of course be due to scattering processes. 
However, a dispersion of sound velocity at different frequencies is a consequence of the dispersion re¬ 
lation for acoustic waves and should be observed alno in case of sonic booms. It is a common explanation 
of wave trains following remote ground level explosions, where the length of the tail and its spectral 
content depends on the distance. 


General discussion 


Prof. I. RANZI : A very important application of the studies on the radioelectric effects of acoustic - 
gravity waves is that concerned with the over-the-horizon HF radar. This is a classified matter, but we 
all know what are the basic principles of this device, and we may then be able to provide data of a direct 
usefulness for the designers (e,g,, influence of acouat ic-gravity waves on azimuthal aixi vertical angle 
of arrival of the baakscattered echoes, and on their delay). Perhaps, somebody in this audience may con¬ 
tribute to this discussion. 

Dr. L. WETZEL : Prof. RAWZI raised the topic of over-the-horizon radar as a possible focus of AGARD in¬ 
terest. Obviously, the military applications and characteristics of such devices are classified, but it 
should be fairly obvious thut since an OTH, or HF, radar utilizes propagation in the ionosphere, such para¬ 
meters aa bearing accuracy, available signal bandwidth, etc, will depend critically on both the large and 
small-scale features of the ionosphere. For this reason the acoustic-gravity waves being discussed at this 
meeting will exact a significant influence on the performance capabilities and limitations of HF radars 
and deserve close study. 

Or. Ch. WILSON : With respect to over-the-horizon radar propagation disturbances I feel that it is impor¬ 
tant to investigate further the possibility that an ionization - collection process may be taking place 
in the E region of supersonic auroral arcs during the generation of auroral infrasonic waves by a "wall" 
of moving ionization within such arcs. Approximate calculations of the expected ion densities indicate that 
the ion density may increase up to values of 2 x 10? ionn/cm^ within the arc. Thus the ion density gra¬ 
dients may be as large as two orders of magnitude within a few hundreds of meters from in front of the 

supersonic arcs to within the "wall" of swept-up neutral auroral ionization. 

Thun the implications of recent research in aurorad infrasonic wave generation is that ion densi¬ 

ties in same auroral arcs that are in supersonic translation with a direction of motion that is parallel 
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to tho E region smbient electric field nay be one hundred tinea a* large aa that in other area that are, 
in all other respects, similar. 

Dr. W. STOFFREGEH : A backscatter sounder on 16,8 at Uppsala can he operated with two transmitted pulses, 
the time delay between them can be varied from aero to some milliseconds. The returning reflections from 
both pulses are compared and a correlation analysis can be made in order to study the life-time of ionised 
elements in aurora and fast variations in backscatter from different sources. This double pulse method 
seems to give promising results, 

M 

Dr. H.O. HOLLER : By sweep frequency groundscatter meeauremmit it is possible to trace travelling distur¬ 
bances over a wide range. Such measurements are being made at Lindau/Hars West Germany in a frequency 
range 2.8 - 1«5 MHs with rhombic antennas switched in 10 different azimuth directions. 

The range-frequency dependence of the traces is in very good agreement with the ray tracing cal¬ 
culations made by T.M, Georges (1969) who should that looking in the direction of the movements of the 
travelling disturbances the slope of the traces is positive (increasing with increasing frequency). Loo¬ 
king in the opposite direction the slope is negative. 

As the maximum range of the records is 2 300 km and focussing takes place near the apex of the 
path, the travelling disturbances can be traced from 1 250 km in the north to 1 250 km in the south. 

Dr. K. DAVIES : My fixed frequency H,F, Doppler measurmnents show that on fixed frequencies, TXD's appear 
bigger by day than by night. Your data indicate the reverse. Can you explain this T 

Dr. A.D. MORGAN : For the conditions of the experiment, namely, at frequencies near the MUF during Novem¬ 
ber and December 1970, we generally observed more bearing perturbations during the day than during the 
night. However, some bearing perturbations were observed during the night and examples of these were 
shown in my presentation. As the quantity of data I presented was limited to 2 months, it was too small 
to enable a comparison to be made between the magnitude of the bearing perturbations between day and night, 
In fact, in my presentation, 1 gave no comparison between the size of the perturbation during the day and 
night periods ; I only compared the occurence. 

Dr. H.G. M0LLER : I would like to support Mr. MORGAN. 

From groundscatter observations at Lindau/Harz West-Germany made with antennas pointing to the 
south we know that the ionosphere is much more stable at night than at day by the following reason : At 
the trailing edge of the groundscatter trace magnetoionic splitting is observed quite regularly at night, 
except for the severely disturbed ones. On daytime records, however, magnetoionic splitting is observed 
only on E-layer reflected groundscatter but not on F layer reflected groundscatter. 

As magnetoionic splitting can be observed only if reflecting layer is concentric homogeneous inside 
the azimuthal, sector illuminated by the antenna or if the deviation from concentric homogenity is very 
small, one can conclude from these observations that the ionosphere is much more stable at night than at 
day south of our bachscatter site. 
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Au c our 8 de ces derniSres armies, l'auteur de cet expose a travaill* a la recherche et. 
au developpement de modeles th6oriqucs de plasmas a parametres variables Qiuib 1'eBpace, et a uti¬ 
lise ces modeles pour etudier, a l'a.ide d'ordinateurs extrSmement rapides, la propagation des on- 
des au sein de ces milieux. II montre consent on peut faire appel a certains de ce^ modeles theo¬ 
rizes pour etudier les effets de premier orure d'unc perturbation en onde de basse frequence 
(par exemple, uik onde acoustique et de flravit£ d'um. fraction d'Hertz.) sur une onue electromagne- 
tique a haute frequence (de l'ordre du Kilohertz ou du megahertz) se propageant dans l'ionosphere, 
L'auteur dlicrit tout d'abord la formulation du oodele et son adaptation au probleme gtudie au moyen 
de la thSorie de perturbation, II expose ensuiti, d'un point de rue general, la faqon dont on peut 
utiliser cette theorie pour calender les effets de premier ordre produits par l'onde acoustique et 
de gravity sur l'onde SlectrosiagnStique, II ach< ve sa conference par une breve discussion de certui- 
nes implications de cetti thSorie sur les systJt es de communication. 
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AB STRA CT 


During the past few years, the author has been involved in research on the development of theoretical 
models for plasma media whose parameters are spatially variable, and the use of these models to study wave 
propagation in such media with the aid of high-speed computers. It is shown in this paper how some of 
these theoretical models can be used to study the first-order effects of a low frequency wave disturbance 
(e.g. an acoustic-gravity wave at a fraction of a Hertz) on a high frequency electromagnetic wave (at 
kilohertz or megahertz) propagating in the ionosphere. The formulation of the model and its adaptation to 
the problan of interest via perturhation theory are first described, followed by a general outline of the 
way in which this theory could be used to calculate the first-order effects of the acoustic-gravity wave 
on the electromagnetic wave. Some communication systems implications of this theory are briefly dis¬ 
cussed at the end of the paper. 

1. INTRODUCTION 

In recent years the author has been involved in research on the development of very general mathe¬ 
matical models for analysis of wave propagation in spatially inhomogeneous partially Ionized gases and 
the computer-aided solution of the equations comprising these models.(Raemer 1966, Raemer and Verma, 1966, 
1970, Verma and Raemer, 1971, Raemer, 1972). Solutions based on these models contain information which 
could be valuable in studying coupling between acoustic-gravity waves and electromagnetic waves in the 
ionosphere. 

In Section 3 a linearized electron-ion-neutral model (Raemer, 1966) is discussed as the basis for 
analyzing effects of an acoustic-gravity wave in inducing low frequency disturbances of the ionospheric 
plasma. The wave frequency is extremely low (a small fraction of a Hertz) and the zero-order, (known) 
parameters are those of the undisturbed ionosphere. An acoustic-gravity wave couples with the plasma 
through collisions. The first-order (unknown) parameters are the plasma perturbations due to the acous¬ 
tic-gravity wave. Solution of the equations would result in approximate values of perturbed plasma 
density, pressure, current density and electric and magnetic fields as functions of position and time. 

A linearized electron-plasma model (Raemer, 1972) accounts for vertical inhomogeneities in all 
ambient gas parameters including static magnetic field, and includes effects of gravity and the possibil¬ 
ity of static electric fields. Effects of ions and neutrals, horozontal spatial inhomogeneties and slow 
time variations of ambient gas parameters are not accounted for rigorously, but can be included as 
perturbation terms if desired. 

The application of this later model (Sections 4 and 5) is in the analysis of an electromagnetic wave, 
with wave frequencies in the kilohertz to megahertz range. Superposed on the parameters of the undis¬ 
turbed ionosphere to make up the "zero-order" plasma parameters are perturbations due to the low frequency 
wave, which could be determined from the analysis discussed in Section 3. These are functions of hori¬ 
zontal position coordinates and time as well as vertical position, but because the periods and wavelengths 
are so long compared with those of the electromagnetic wave, then (if pressure and density departures 
from the ambient values are not too large) these can be considered as perturbations on the basic equa¬ 
tions, in which only v ertical inhomogeneties are accounted for. First order (unkown) quantities are the 
electric field components of the electromagnetic wave propagating through the region disturbed by the 
acoustic-gravity wave. 

In this paper the above set of procedures are described in general (Sections 3 and 4) and a method 
of approximate solution is discussed (Section 5), wherein with suitable approximations one could obtain 
estimates of the magnitude of the Influence of an acoustic-gravity wave on an electromagnetic wave 
propagating through the disturbed region. 

Communications people are interested in characterization of a medium in the language of linear systems 
theory; i.e., the medium through which the wave propagates is considered as the equivalent of an electri¬ 
cal filter whose Impulse response and complex frequency response function may be changing slowly with time. 
The results of the analysis in this paper can be cast in these terms (Section 6). Through boundary 
conditions at the lower edge of the ionosphere, a linear relationship between received wave fields and 
transmitted wave fields is described. This relationship is equivalent to consideration of the propa¬ 
gation medium as a linea* - filter whose impulse response may be time varying. 

2. FORMULATION 

The theoretical models referred to above are formulated with the following equations: 
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where 

p. = ion mass density 

P e = electron mass density 

p. = ion pressure 

P e = electron pressure 

u. = ion velocity 

u = electron velocity 
—e 

u = neutral velocity 
—n 

t 15 time 


b = magnetic induction 

u o’ e o = constit,Jtlve parameters of free space 

o = magnitude of electron charge 

m.. = ion mass 

m„ = electron mass 
e 

v in = ion-neutral collision frequency 

v = electron neutral collision frequency 
en 

v . = electron-ion collision frequency 


Y - = ratio of specific heats (constant pressure/constant volume) 

c v 

e = electric field v^ e = ion-electron collision frequency 

g = acceleration due to gravity 

Linearization of these equations is accomplished with the following assumptions (where subscripts 0 
and 1 indicate "zero order" and "first order" respectively.) 
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( 6 ) 


Using the forms (6), the linearized first order equations (1 -1) through (S) are (where zero order quan¬ 
tities may, in general, be functions of time and all spatial coordinates, unlike the usual linearized 
model where these quantities are constant). 
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3. MODEL FOR LOW (ACOUSTIC-GRAVITY WAVE) FREQUENCIES 

In the low frequency case, both ion and electron motions should be accounted for. Vertical variation 
of static parameters is extremely important at those frequencies, because significant vertical variation 
of these parameters occurs within a wavelength or a fraction of a wavelength. Gravity effects are also 
important. Hence a linearized model accounting for these effects and including the ion equations is called 
for in attempting to analyze the effects of an acoustic-gravity wave on the electromagnetic parameters. 

Such a model was formulated by the author a few years ago. (Raemer, 1966). This model also included the 
neutral gas equations but subsequent studies with the model showed, as expected intuitively, that electron 
and .on disturbances do not significantly influence neutral gas motions. Hence one can consider the acous¬ 
tic gravity wave as propagating in the purelv neutral atmosphere, solve for the parameters of such a wave, 
particularly the velocity u , and consider the neutral velocity collision terms in the ion and electron 
motion equations (i-1-1) an9 (e-1-1) as known source-terms. In a more recent paper (Raemer and Verma, 1970) 
we described a method of solving for ion and electron pressures, densities, velocities and electric arid 
magnetic fields associated -ith propagating waves. The method was based ori postulation of a stratified 
layer model, numerical evaluation of the eigenvalues of the system matrix characterizing the equations in 
each of the layers, and an analytical evaluation of the solutions based on these eigenvalues. This method 
is lludad to in Section 5 of the present paper, in the context of the analysis of a high frequency wave 
influenced by the presence of a low frequency disturbance in the ambienc ionosphere. 

We will not discuss further here the analysis required to determine the low frequency electromagnetic 
parameters due to collision coupling with the neutral acoustic-gravity wave. We will only indicate that 
the solutions will yield parameters of the form 

f(z) e'JV ' V ’ k yg y) , 

where o is acoustic-gravity viave frequency and where k and k^ are propagation constants associated with 
horizontal propagation. Using the stratified layer model referred to above, the function f(z) will consist 

of a sum of vertical propagation modes of the form z^e^zg 2 , where p is a positive integer that may be as 
high as 2 in the electron-ion case and k will be, in general, complex, indicating both vertical propa¬ 
gation and damping. Assuming that only one of these modes predominates and neglecting others, low frequen¬ 
cy perturbations of the electromagnetic parameters due to the acoustic-gravity wave are of the form 

p -i(w t - k x-k y-kz) 
zfe g xg .yg z zg \ 

This is used later in Sections 4 and 5 in the discussion of the theoretical model for high-frequency wave 
propagation in a medium permeated by a low frequency disturbance. 

4. f ODEL FOR HIGH (ELECTROMAGNETIC WAVE) FREQUENCIES 

The assumptions for the EM wave frequency model are: 

(1) Ion and neutral motions are insignificant and can be neglected (i.e., eqs. (i-1-1), (i-2) and (i-3) 
are not used and u..j = 0, u^ = 0 in eqs. (e-1-1) and (5-1)). 

(2) Gravity teiid -Ejtgp^) in (e-1-1) is negligible. 

(3) The zero-order parameters are as follows: 

PeO^.V.z-t) = P 6 0 (z ' 4 4 (x '*> z ’ t} P e0 (x,y.z,t) = P eQ (z) + CP e (x.y.z.t) 

HeO ( *’ y,z,t) " V) (z) e < j(' , ,/,z.t) = e^(z) + qe(x,y,z,t) 

b (x.y.z.t) = SqU) + Cb(x,y,z,t) 

^ or genenca 1 ly 

h 0 (x,y,z,t) = h 0 (z) + qh(x,y,z,t) = h Q (z) + qRe{ |h(z )j Q e~ j ^g t_ xg x ' k yg y 'l 

where 

ng(z) = quiescent value of parameter (i.e., value in the absence of the low frequency wave), 

h(x,y,z,t) - perturbation in zero-order parameter due to the low frequency wave, 

q - perturbation ordering parameter. 

(4) The high frequency wave parameters am: 

h | (x ,y ,z ,t) = )' h j ^(x.y.z.t) q h , (8) 

ri-o 

where 

h l * p el* ^1* u el ’ e l or b l- 

(5) Using (7) and (8), we ,et up a new perturbation theory based on the ordering parameter q. This is 
over-and above the perturbation theory inherent in the linearization process. The equations are as 
follows . 


Eqs. of orders i. and r. (call these sets of equations 1 and l\ respectively) are of V\e form: 
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Note that the equations of order r.^ are those of high frequency waves propagating in tl* quiescent 
electron plasma. The equations of order r, are those describing the first order effects of the low fre¬ 
quency (Including electromagnetic and electron-acoustic) waves. 

Solution of the equations of order (Equations I) gives us the parameters uf?\ pf?\ <4^ 

jg. -ei ei ei —i 

and bj ' , those assocWed with waves propagating 1 n the ambient medium undisturbed by the acoustic- 
gravity wave. Knowledge of those parameters allows construction of the right-hand sices of the equations 
of order c (Equations II), whose homogeneous forms have already been solved since they are the same as 

Equation I. The right-hand sides of I! contain first-order effects of the presence of an acoustic- 
gravity wave propagating in the medium. In this approach, these are contained in source terms rather than 
within the coefficients of the partial differential equations describing the phenomenon. This Is a drastic 
simplification of the physics of the problem. Even with the simplified linearized equations we are using, 
retention of the quantities p_(x,y,z,t), u^(x,y,z,t), etc. on the left-hand sides of the equations and the 
treatment of these quantlties'as of the saSe order as p g(z), tr e Q(z), et<: - wou ' d give us a set of coupled 

partial Differential equations in the variables x,y.z and t. The perturbation approach allows reduction 
6FtHe problem to that of solution of a set of coupled ordinary differential equations In z. The mathe¬ 
matical simplification resulting from this is enormous, although there is a price to be paid in the sense 
that the information we finally obtain is less than we might like. 


The solntionsof Equation System 1 are of the form e 
quency and k 


-j(w 


et" xe 


-k y) 
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where oj„ is the E-M wave fre- 


and k are the horizontal E-M wave propagation constants. From (7) we can conclude 
that there are two sets of terms on the right-hand-side of II. One set of terms (call it T-) is of the 
form e' J [(!.> e -u>g)t. - (k^ - k ) x •• (k^ - k^)yj and the other (call it T+) of the form 

@~'^ u 'e +u, g)*-<* < 'xe +1< xg) x i-^ye^ygJyl. if we assume solutions of II of the form e ‘j(<vt-k x x-kyV)^ ^ hen ^ 
can consider each unknown in II as composed of two components, one a response to source terms T , the 
other to source terms T , The former is of frequency o> = w - u>, corresponding to a "lower modulation 
sideband", the latter o? frequency w - w + u, , corresponding to 9 an "upper modulation sideband". This low- 
frequency modulation of the E-M wave frequency clue to the acoustic-gravity wave Is one effect that can be 


expected qualitatively. However, if w 
then the ratio of modulation bandwidth to wave frequency is less than .0001*. 


s of the order of megahertz and a small fraction of a Hertz, 


5. USE OF THE ELECTRON-PLASMA WAVE MODEL 


The systems of equations developed in Section 4 fit into the frame-work of a general theoretical 
model developed by the author ot analyze wave propagation in an electron plasma with vertically variable 
static parameters, Including a vertically variable static magnetic field. This last feature is a genera¬ 
lization of the author's earlier work ori the three-fluid gas (Raemer, 196b) in which the magnetic field 
is the only static parameter not allowed to vary. The variation of the static magnetic field neces¬ 
sitates an electron drift velocity in source free regions in order to satisfy the zero-order Maxwell 
equation 

; * feo ' HqJq * u 0 q 


-i0 


eO 


(9) 


The postulate that u.q and u „ are zero, standard in linearized plasma theory, must be abandoned 
in order to satisfy (9) unless the vertical variation of b„ is specified as one in which V x by, * 0. 
This introduces many terms into the linearized equation-, and complicates these equations greatly. 

work relating to the general model referred to above is contained in an as yet unpublished paper 
by the author (Raemer, 197?) which will soon be submitted for publication. That work will not be dis¬ 
cussed here. But the 'node! will be used to further discuss the problem addressed in Section 4. After 
Fourler-transformation of both sides with respect to x.y and t, or alternatively, choosing solutions of 
-jioit-k x-k. 

v J the equation systems (e-T-1-0) through (5-1-0) and (e-1-1-1) through (5-1-1) have been 

manipulated to cast them each in the form of tv> matrix equations: 

y' Av > s 

w » Cv + d 


(10 -a) 
(10-b) 






where 
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s Is « 6-eiement column vector whose,elaments are complleafed but linear functions of source terms on the 
right-hand sides of the original equations, A Is a ti x 6 matrix whose elements are functions of the static 
parameters of the plasma, (E J( .Ey»t / ) are normalized components of the first-order electric fields, 

( e lx, 2 ly’ e iz) an<i arc derivatives of these normalized components with respect to a normalized 
z coordinate. 



where ) are normalized versions or' (P e j » p e i * u e l x b iJ* c is an 8 * 6 matrix of functions of 

i i , % f. 

the static parameters and d is an 8-element column vector of functions! of source terms. In the equations 
of order ;;(o] both _s_ and d are zero. 

The obvious procedure in solving the system (10-a 1 and (10-b) is to first solve the differential 
equation system (10-a) for v, then determine w through (10-b), the latter being a trivial step. In the 
context of the present discussion, we are only interesced in the field components ( e i x * e Ty* e } J ,'* ) i x >fc>iytb^ J: ) 

of a propagating electromagnetic wave; hence other parameters (such a p ,,p ., and the derivatives of 
e,) present in the solutions are of only peripheral interest. , e e 

i 

Work is in progress on analytical (WK8-type) solutions of (10-a), but this work is not yet completed. 

A great deal of work has been done try the author and his co-worker Dr. Verma, some of It alluded to in 
previous papers, cn attempts to treat this class of equations (with large A-matrices, and 6 x fc qualifies 
as "large") by direct step-by-step integration procedures such as Rurige-Kutta. The^c attempts led to 
numerical instability problems and were not successful. 1 

As a first step in dealing with this problem, we have reverted to a standard technique of postulating 
a stratified medium with homogeneous layers. In a previous paper dealing v.ith a three-fluid gas (Raemer 
and Verma, 1970) the method of solution was delineated and some numerical results were reported for the 
eigenvalue ctrmputation, which is the first and most fundamental stqp in the numerical evaluation of the 
unknown parameters. 

To summarize the technique, the eigenvalues of the A-matrix of (10-a) are first found numerically. 

This has been done for a wide range of parameter regimes characteristic of the ionosphere. At kilohertz 
and megahertz frequencies, the 6 eigenvalues always come out in 3 pairs indicating "upward" and corre¬ 
sponding "downward" damped propagation modes. These two modes in any one of these pairs are riot neces¬ 
sarily equal and opposite although they are more nearly so as the influence of the static, magnetic field 
becomes less important. At low ionospheric altitudes, where die plasma is more nearly collision dominated 
than magnetic-field dominated (i.e., collision frequency >> electron cyclotron frequency), the up and 
down modes are close to equal.and opposite. 

Returning to the problem of finding the solutions of II, we wpuld first solve (10-a) with s - 0, 
resulting in a set ot 6 "fundamental solutions" vi'r(z). Based on these fundamental solutions we would 

construct a "state-transition matrix" ;>{z,z') and write the solution of (10-a) in the form: 


v(z) -- T'(z»z 0 ) y(z 0 ) + [ dz 1 l-(z,z') s(z'). ' 1 (11) 
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fii! first, term on the right-hand side of (II). i .a ., !(z,z (J ) v(z.J contains the effect of a high frequency 
wave propagating without, the presence of the low frequency wave disturbance. It is in effect, the solution 
of the equations I 1 ri Section 4, which in turn will be used to construct s(z) for solution of the equation 
it. boundary conditions for specification of v(/q) can be chosen as those of an electromagnetic wave 
propagating in free-spate below the ionosphere. 

The second term of (II) provides the response of any field component., e.gCj , to the parameters 
associated with the low frequency disturbance. This is a particularly useful Item of information in the 
context of the problem of interest. To show how the relationship comes about, we will continue the 
discussion along lines of determination of 4 >(z,Zg). 

In a typical case, the eigenvalues come out as follows: - tp v^, -X ? ; \- Jt V ( ; where A^ * \p 

t Aji i.e., two of the three pairs are identical. In this case, within one uniform stratum, -p(x> 2 q) 

takes the form 


where , (1 C-,, C ^, Cj, C ^ are 6x6 matrices wfiose values depend or, their corresponding eigenvalues 

and are determined in a tedius but straight-forward manner (Raemer and Venna, 1970). 

It can be shown that s is a linear function of the quantities f f ^i]. *ttc. and that these 
functions are composed of terms proportional to products of the form p u 


We assume that quantities like p have z-dependence containing factors z 


(which would be the case 


If the same sort of uniform stratum theory had been used to obtain these quantities, as indicated in 
Section 3). We also note that quantities like u are elements of the column vector 4 >(z,z n ) v^(z n ), 

where y' '(/) is the column vector v(z) defined below eus. (10-a) and (10-b), but applying specifically 
to the equations ! and not to equations II. Denoting v(z) for the equation system II by the symbol 

y^(z), (11) takes the foi-m 

vj^'z) - $ (z ,z Q ) y^ , '(z u ) + f dz'(z') p e J rq Hz.z') s Q \z‘), (13) 

' Z 0 

where in line with the remarks above 

r „ jk, Zl (0) 

s(z) = (z p e js 0 (z) (14) 

and where Is a constant column vector. We now invoke (12) and observe that Sq^(z) must be of the 


-\ ? z 

+ e C 


where each Cn Is a column vector independent of z whose precise form can easily be computed from the 
expressions for f e21 j etc. 

By carrying out the tediojs but straight-forward integration indicated by (12), (13), 04), and (IS) 
we czn determine v'O which will turn cut to be a sum of terms wH.h f actors 


q 1 1 q - X 2 Z , 

z M e , z M e 


0 <J k Zg ♦ X l> Z 


(jk In * A ?) z 


where q is a positive integer, zero in most cases but possibly as high as 2 or 3 in others. Each such 
exponential form will indicate the presence of an electromagnetic or electron-acoustic mode of propagation 
and the relative magnitudes of the coefficients of these terms will be a measure of the relative magnitudes 
of these propagation modes. Terms with factors 

e <jk Z() ♦ -V Z 

indicate that the presence of the acoustic-gravity wave will introduce new modes of propagation, .e., 
actually change the propagation constant and attenuation of high-frequency modes that would be present 

♦cuz 

without the low frequency disturbance, ierms with factors e , whose propagation and exponential 
attenuation characteristics are not affected by the low frequency disturbance, are still influenced by the 
disturbance in the sense that the coefficients of these terms are so influenced. 

6. COMMUNICATIONS SVSTEMS IMPLICATIONS 

Electromagnetic waves propagating in the ionosphere at. kilohertz and megahertz freauericy ranges are 
ordinarily associated with a communication link between two points both below the ionosphere. In this 




case the Item of greatest Interest to engineers concerned with such links Is the effective ref I action co- 
effIcier . of the Ionosphere. Hue to the earth's magnetic field, the Ionosphere. If 11 were to be con¬ 
sidered as a lossy medium with equivalent constitutive parameters determined from simple magnetMonic 
theory, would be anisotropic. Hence the reflectivity properties would be expressed through a matrix or 
the form (where the dependence on wave frequency Is explicitly indicated) 

; R w<‘'> R t>>; 

«(.,») « i (lb) 


« vv (<u) " rV;y 


* F'T'iT 


R i.h<-> ■ 5 t.it 


and where E y ^(«i) and E^(w) are vertically and horizontally polarized components respectively of the In¬ 
cident wave field and E vr (ci) and E^ r (to) are analagous components of the reflected wave field. 

Allowing both horizontal and vertical components of incident electric field, i«c have 


If the incident wave field propagates in the x-z plane, o. is the angle of incidence (between the wave 
vector and the vertical) and 0 Is the angle of reflection, then below the ionosphere (where subscript i 
means incident and r means reflected), = E^, • = E yj cos n., E^ * - E y ^ sin o.|, £ yr = E^ f , 

E xr = ' E vr cos V E zr " ' E vr sin V k xi * k o sin V k yi = °> k zi 3 k o l ' os V k xr “ k o sin V 
k yr =0, k.„ * - k„ cos 0„. 


The solution of the coupled differential equation system discussed in Sections 4 and 5, would yield 
the following generic type of results: 

E (zj - . (z,z n ) E„(z n ) + )i.r,(z,z n ) E (z n ) 


* , i | / t-)(z,z n ) E (z,,) + <J>*a(z,z n ) E (z n ) 


+ W z ' z 0 ! E y (z 0> + k 46 (2 ’ z 0 } E z (z 0>’ 


where <pj^(Jt,z q) is the 5,m component of a state-transition matrix (STM). In the case of the unperturbed 

ionosphere, 1>(z,Zq) is the STM indicated in the first term of (13). In the case where the low-frequency 
disturbance is present, the STM is made up from noth the first and second terms of (13) with the aid of 
(14) by recognizing that s„(0)(z) is itself a sum of expressions involving elements of the matrix 
4j(z,z q ) viz,,). Ir. either case, the STM would be the end product of an analysis like that which has been 
describe? in Sections 4 and 5. 

We note that (17) gives us electric field components with in the ionosphere in terms of field-compon¬ 
ents and their z-derivatives at a point z Q , which could be a point below the lower edge of the ionosphere. 

In this case, the values of the indicated components at z Q would be 

jk n z n cos "i ~ jk o z o cos 'V 

E (z 0 ) - (cos ... E e - t vr e cos 0 j 




[ sin ,J i E vi e 


+■ sin ') E, ,e 


E;(z q ) - jkj cos ", Ey 


'll! 
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Combining (18) and (19), we would obtain a set of 3 Independent simultaneous linear algebraic 
equations In the var1ablesE x (2), E y (z), E z (z), E vr> E^, O r> E yj , , Oj. Differentiating (18) with 

respect to z and again Invoking (19), we obtain another set of 3 equations In E'(z), E'(z) and E'(z) In 

x y z 

terms of E yr , E hr , o^, E yj , E^, 8 r> Setting z to a value above the level where reflections occur (1.e., 
where we can assume a plane electromagnetic wave whose wave vector has a positive vertical component and 

whose field components are E E,^, E and Invoking these 6 equations obtained from equation? 

x j 1 (t) It 1 I t) 

(18) and their derivatives, we will have a set of 6 equations in the unknowns (E v E ' E * 

x y z 

E yr , E h) ., o p ) in terms of the known Incident wave fields E y1 and E^^ and the known angle of Incidence 8^. 
The elements of the reflectivity matrix R(m) can be calculated from these equations. 


Once we have determined R(w), we have available a convenient representation of a frequency response 
matrix for a linear sy'tern with two possible inputs E y ^ and E^, producing two possible outputs E yr and 

E hr - By inverse Fourier-transformation of elements of R(to), we can obtain an impulse-response matrix 

for the ionosphere, which might be denoted by r(t). One of the effects of the pert rbation due to the 
low-frequency wave on R(u) or r(t), in addition to a possible significant change i , the functional de¬ 
pendence of R(oj) and r(t) on and t respectively, is to introduce a slow time variation (a modulation 
at the low frequency u^) into R(ui)*, in which case it should properly be represented as R(io;x) Where t 

represents time in this context. Fourier-transformating R(u;t) with respect to u>, treating x as a fixed 
parameter, leads to a slowly-varying impulse response matrix r(t;x). 


7. CONCLUSIONS 


The theory which has been described here has not been carried to the point cif obtaining numerical re¬ 
sults beyond the computation of eigenvalues of the system matrix. Thus a great deal of work remains to 
be done to assess the effectiveness of this theory in predicting quantitative effects of low frequency 
disturbances of the acoustic-gravity wave type on ionospheric propagation of electromagnetic waves in the 
kilohertz and megahertz range. It is felt that the first order effects of these disturbances should be 
revealed by calculations based on this model. There is a possiblity, of course, that revelation of the 
significant effects will require a theory in whichhhorizontal spatial dependence and time-dependence of 
the ambient ionospheric parameters are accounted for more rigorously. The author and one of his graduate 
students considered such a theory (Field, 1971), in which calculations are based on the method of charac¬ 
teristics and the theory was applied to a much simpler problem. However, this represents an entirely 
new order of complexity for the problem at hand and it would be instructive to obtain information from 
these simpler perturbation models before proceeding to the more rigorous theory. 
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TRAJECTOGRAPHIE H.F. DANS DES PROFII.S IONOSPtlERtQUES 
PERTURBES PAR DES ONDES DE GRAVITE 


par 


P,L, George 


SOWAIRE 


L'auteur expose les resultats de simulations, but ordinateur, de la direction d'iirriv£e 
de trajectoires radio ionoapnferiquea de courte portae, en prSarnce d'une perturbation ionoBpheri- 
que itin^rante d'Schelle moyenne, La representation analytique de cette perturbation eut basee a 
la fois sur det observations resiles et sur la th£orie des ondes de gravite atmosphlriques internes 
Les resultats des calcula port ant sur la depend ance & l'Sgard du temps de la direction d'arrivee et 
du deplacemmt doppler, telle qu'on les obeenrerait d'une station au sol, rbvelent. une bonus cepneor 
dance qualitative avec les donnees observees, L'auteur examine, pour un point situe a une faible 2a 
titude et pour un point situe l une latitude 61evee, la relation entre les variations de la direc¬ 
tion d'arrives, telle qu'ellfe eat donr.ee par les calculs, et certaines caracteristiques du module 
de perturbation ionospherique itinerants, qui sent responsables de ces variations, 

II evalue I'exactitude d'un nodile geometrique simple propose pour la correction de pente 
de la direction spparente d'airivee, II montre comment. l'or. peut am6liorer considerablement les t6- 
sultats incertains obtenus i I'aide de ce module en tenant compte de 1* direction de la vitesBe de 
propagation et de l'echelle de la perturbation ionospherique itinerante, paramStres deduits d'une 
observation continue dans den stations espacees. 
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This paper report* the results of a computer simulation of tho direotion of arrival of abort range 
ianoaphario radio raj path* 1* the presence of a madiis seals travailing lonoaphario disturbance (TID). 

The analjtioal ropraaantation of the Till is based both on aotual obaorrationa of auoh disturbances and 
upon the theory of internal atmospheric gravity waves. Computed reaulta of the tint dependence of 
direotion of arrival and dopplar shift, auoh aa would be observed at a ground-baaed station, show good 
qualitative agreement with observation*. The relationship between the ooaputed direotion of arrival 
variations and oertain oharaoteriatioc of the TID modal that produoed than is ezanlned at a low latitude 
and at a high latitude location. 

The aoouracgr of a ainple geoaetrioal model that has been proposed for tilt oorreotion of apparent 
direotion of arrival la evaluated. It ia shown how the unoertaln results derived fro* use of this aodel 
nay be substantially lap roved by taking into aooount the direotion of travel, velocity and soale of the 
TID, these paraaeters being derived by continuous observation at apaoed stations. 

1. INTRODUCTION 

Mansur aa an ts of the direotion of arrival of radio signals reflected fioa the F region by Bromley 
and Rosa (1951) and Braaley (1953) foraed one of the early Methods of detecting end studying travelling 
ionospheric disturbsnoea. These authors studied the direction of arrival variations on an oblique path 
(length a 700 km) and also near vertical incidence. They found that the first order P a oho typioally 
exhibits both rapid (second to second) and alow ohanges of direotion froa a quasi-period of a few minutes 
to more than half an hour. They concluded that the F layer could be regarded aa tilted in a rendow manner 
with an r.a.a. tilt magnitude of a few degrees. 

The horizontal velocity of the diaturbanoaa was measured by the usual teohnique of having 
separated receiving sites and measuring time delays between corresponding events. The results were said 
to be oonoistent with the passage through the P region of ooopressional waves of e wave-length of several 
hundred kilometres and of a velocity of order 5-10 kilometres a minute. Measurements made on two days 
suggested that the observed alow tilts of the reflecting region were uncorrelated at points separated 
horizontally by about 50 km. 

Aa far as the rapid second to second fluctuations In direotion of arrival were oonoerned, 

Braaley (1955) was able to show that a layer of irregular ionisation density within the 5 region capable 
of produoing a phase path variation of only 3 metres at a frequency of 5 kHz could aooount for the quiet 
F layer fast tilt oomponent. As would be expected these fast fluctuations were found to be unoorrelated 
et an interval of a few aaoonds and observation* at station* 27 k* apart showed sero correlation. 

Similar observations of tilt hare been observed in South Australia by Treharns et. *1. ( 1969 ; and 
also near the xagnstio dip equator (Trsharne 1972). During the day-time observation of equatorial tilts 
is made difficult by the presence of E region irregularities, however, for the dnylight hours (at least 
during Maroh and April) there evened to bo a systematic tendency for the tilt vcotor to lie towards the 
east. At sunast the tilt veotor moved towards the west. At night, in the absence of spread ?, very largo 
goals slowly varying tilts ware observed; these tilts also included medium and small soale variations. 

Travelling lonoaphario disturbances (TIDs, have of oourso bean studied by many methods ranging 
through observations of direotion ot arrival, group path and critical fraquonoy variations, long period 
amplitude variations, n.f. ground baoksoatter and phase path and frequency variations among others. 
Significant contributions to their study hava been made by Braaley and Ross (1951), Munro 11950, 1956), 
Valtards (1956), Tveten ( 1961 ^* Chan and Villard (1962), Ceorgas ( 1967 ), Davis and da Rosa ( 1969 ), Davies 
and Jones (1970) and Sterling, Hooke and Cohen (1971) and in reient years it has been shown that there is 
quantitative agreement between many observed oharaoterlst.ios of TIPs and thosa expected theoretically from 
the interaction of the ionosphere end Internal atmospherio gravity waves generated below the ionosphere 
by some disturbing eeohanlsa In the lower atmosphe^'e. 

It appears that the energy from auoh a disturbance in the lower atmosphere oan be thought of as 
being duoted horizontally along the mesosphere with a oertain fraction of the energy leaking continually 
upwards. Atmospherio wave motions reaching the F region would then typioally have periods between a few 
minutes and an hour and would couple into the ionisation by means of neutral - ion oollisions thus 
perturbing the ionised portion of the atmosphere. In the t region the ion - neutral collision fmquenoy 
is muoh less then the ion gyro-frequency so the bulk motion of the ions is oonstrained to be along the 
direotion of the Earth's magnetic field. Coulomb forces would requtreuoorreaponding ohanges in the electron 
density. 


It is apparent then that the redistribution of ionisation wliioh aooompanies the passage of an 
internal atmospherio gravity wave le strongly' irfluenoed by the magnetic field orientation to the 
trajectories of the neutral particles. In partioular at low latitudes Hooka (1970) has shown that most 






waves observed by means of P ration electron oonoentration perturbations oan be expaoted to be propagating 
meridionally aim* th* ionisation, which 1 * constrained to remain alone tho field line*, responds very 
poorly to wares propagating eorosa the flaid lines at these latitudes. 

Slnoe lonospherlo notions Impose limitations on the aoouraoy of radio - looatlon ays teas, In th* 
last fir# years or so technique* for oorreoting apparent direotion of arrival where th* ionosphere wa* 
known to be perturbed, hare been developed. The limitation on aoouraoy la particularly severe at ahort 
ranges (IOC kaj where asimithal deviations of a fixed remote transmitter oan be a* large as 100 Jegreua 
or aore. 


Proceeding from the work of Bramley and Rosa (1951) * simple plane-tilted ionosphere model has 
been applied in suoh a Banner that the apparent direotion of arrival of a fixed transmitter oan be 
oorreoted for aooording to both th* prevailing direotion and magnitude of th* tilt veotor normal to th* 
overhead ionosphare and to the lonospherlo height. This technique ha* been applied by Trsharn* and his 
oolleaguaa in Australia in 1967 and more recently by Johnson, Martin and Green (1971)* Results in general 
have been oonflioting, being often good but sometimes vary bad. Effort has been expended in automating 
equipment so that apparent lonospherlo tilts oan be measured more quickly and therefore more closely in 
time to the measurtruants mad* on tha remote transmitter. (Unfortunately a corresponding amount of effort 
has not been forthcoming concerning th* simple ionosphere swdel and it* inevitable lisiitaticna.) The 
author ia convinced that the present oooasional unreliability of the tilt-correction d.f. method is 
largely due to inadequacies of the ionosphere modal resulting dlreotly from insufficient understanding of 
the nature of th* lonospherlo disturbance* perturbing the direotion of arrival measurements. 

It is the purpose of this paper to present th* results of a oonputsr simulation study of tho 
direotion of arrival of short rang* (lose than 100 km) radio ray paths in th* preaeuo* of a typical medium 
scale travelling disturbance. We shall employ an analytical representation of a TIC developed by Georges 
and Stephenson (1969), the representation being based on actual obasrvatlona suoh as those of Munro (i960, 
1?58; and also upon tha theory of internal gravity waves (Hines, i960). 

Computed result* of the time dependence of direotion of arrival variation* and of doppler shift 
will be compared with ground-based observations of these quantities in order to establish the quality of 
the simulated TIC. The relationship between direction of arrival variations and certain characteristics 
of tha TIC producing them will be examined at a low latitude and at a middle latitude sit*. Die aoouraoy 
of the simple geometrical modal that has been used for tilt serreotion of apparent direction* of arrival 
will be evaluated. It will be shown how knowledge of the direotion of travel, velocity and soale of the 
TIC, suoh as oan be aoqulred by measurement with spaoed stations, oan be used to improve the tilt oorreotion 
prooess. 

2. THE MODEL DISTURBANCE AND RAY TRACING TECHNIQUE 


Th* P region electron concentration, N, at a given time and plaoe, ia represented by 
N . M o (r, 9 , 0)41 * fi) 

where N (r, a, 0) i* a ooncentrlo « - Chapman layer whose parameters have been chosen to represent a 
daytime? layer, and where p is a perturbation to the concentric model. 

Tha m - Chapman layer oan bo expressed thus 1 

« fj*.. exp 1/2 (l - * - exp(-a) ) 

where f N is the plasma frequency and s is the reduoed soale height which Is given by (h - h )/H. h la 
tha height above ground, f g is th* critical frequency of the layer and H ia the soal* height 1 . 1 

Th* perturbation p is given by , . / 

p m Jexp-^R-R^s^H'^.oo*^ \t' + (w/2 - s)*/*, + (Jt-» 0 )A 

where JS Q is the radius of the earth 

r, a, 0 are tha spharioal (earth-oontrsd) polar coordinates 
* is the height of maxisua wav* amplitude 
h" ia the wav* amplitude 'soale height' 

< is the wave perturbation amplitude 
A and A are the horisontal and. vertical wavelengths 
t* is th* time in wave periods 


The numerical parameters chosen correspond to one of the models used previously by Georges and Stephenson 
( 1969 ) and are aa follows 1 f ■= 6.9 MHs, H ■ 62 km, h r 300 km, s - 230 km, K' ■ 100 km, 6 m 0,13 
* 300 km, \ t - 100 km 0 *** 0 

Tha three-dimensional time-varying model represents a TIC originating at the north geomagnetio 
pole and travelling towards the south. It is thus considered to be typioal of TICs observed during periods 
of low aagnetlo activity during a northern hemisphere winter and a southern hemisphere summer (see for 
example Munro, 1936). The perturbed plasms frequency oontours are illustrated in figure 1 which shows a 
north-south section. 


In order to ascertain the direotion of arrival from a given fixed transmitter in the preseno* of 
the TL'J, and as a function of time a* the TIC passes overhead, wa shall employ a three-dimensional ray-traoing 
program developed by Jones ( 1966 ). This program calculate* ray path parameters by nu m e rical integration of 
a set of differential equation* which define the lcous of th* ray path and th* oomponents of the wav* normal 
direotion as th* ray progresses through the ionosphere. Tho phase and group refraotiv* indioes needed for 
evaluating the differential aquations are calculated with the Appleton-Hartree equation from th* lonospherlo 
models specified by the user. 
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The rcy-traoint program allows inclusion of a representation ol the earth's magnetio field end 
an earth-centred dipole model with the north pole looated at 76.5°N > 291 2 geographic ooordinatea has been 
ussd here. The effeot of lnoluding oollisiona in the calculation of the F region ray path* has been 
•retained and found to be negligible. The exclusion of collisions reduoes the ooeiputor execution time by a 
faster of flee for a single ray. The aoouraoy of the ray-traoo program is known to be high (Lamareki, 1966). 
(The major error parameter VU2 was set equal to 10~®). 

3. APPARENT DIRECTION OF ARRIVAL 

Let us first examine the apparent fluctuation* in position of a number of fixed short range 
transmitters at two geographical locations having quite different magnetic dips. We shall use the same 
model TID at both loostions and shall simulate motion of the TXD overhead by stepping the parameter t' of 
section 2 st intervals between 0 and 1. For each value of t 1 we shall compute the rey paths Joining the 
loostion of a given transmitter with the point of observation. Wo may imagine that we are looated at the 
point of observation and are equipped with an interferometer with whioh we can measure the apparent 
direction of arrival, both in elevation and in aaimuth. We note here that these parameters, together 
with the frequency of the transmission, are the only quantities relevant to the remote transmission that 
would normally be measured at the point of obsarvation during the prooess of radio direotlon-findlng. 

We oan think of eaoh downoooing ray from the F region at having undergone a speoular reflection 
from a plane refleotor situated at a height h' and parallel, to the earth's surface. We oan measure h' at 
a given instant in time and at tbs appropriate fraquenoy with the aid of a vertical ionosonde looated oloae 
to the interferometer. In these olrouastanoes the apparent ground rang*, d, will bs numerically equal to 
2h'/tand' where A' ia the apparent elevation angle of arrival of the downooming ray and where the bearing 
of the transmitter will be equal to the apparent bearing, , 

We give in figures 2 end 3 the apparent locations of three transmitters as a function of t* whioh 
represents the passage of the disturbance overhead. The true fixed looetions of the transmitters are 
indioated by the arose in eaoh oase. The variation of apparent looatlona as a function of t' is in every 
oase very severe but is typioal of that observed experimentally. It is obvious that accurate d.f. would 
be impossible unless the distortion or 'tilt* of ths refloating F layer due to the passage of the TID, oould 
be accounted for in some manner. 

We wish to draw attention to one important feature ooomon to both figures 2 and 3* In eaoh oase 
the bearing deviations are in a direotion parallel to the direotion of travel of ths TID; thus in the low 
latitude oase (figure 2) the TID looks aa though it is arriving from roughly geographic north and the 
bearing deviations lie along the north-south direotion. In the middle latitude cage the reoeiver location 
is auoh that the TID originating at the geomagnetic pole seems to ooae from about 8 E of north and again 
ths bearing deviations are parallel to this direotion. (In praotioo the sense of direotion of travel of 
the disturbance would need to be determined.) 

3.1 Direotion of overhead ionoaphsrio tilt veotor: 

A simple way of determining the shape end scale of the distorted F region is to measure the 
direotion of arrival of the return pulae from a transmitter looated close to the origin. The leading edge 
of the first return pulae should correspond to a ray bundle arriving from a direotion roughly perpendioular 
to the tilted layer. The tilt veotor will of course vary In magnitude and direotion as the disturbance 
passes overhead. Again the average tilt vector will lie in the direotion of travel of the TID. Wo give 
in figure 4 the 'observed' magnitude of the reflecting F region tilt ns a funotion of time and spaoe. We 
arbitrarily define the tilt as being positive when the point of intersection of the tilt veotor and the 
ground is deviated northwards of the origin and we define the tilt angle, *, as the angle between the tilt 
veotor and the sonitk, that is the complement of ths angle at which the tilt veotor strikes the ground. 

The 'observed' tilt is very similar at both looations. The spatial scale of the tilt is fixed 
by the assumed model as indioated but the time soale is in a sense arbitrary because we have not yet had 
to specify a velooity for the disturbance. If we assume that the velooity is 10 la^/min. then we have a 
horizontal period of JO minutes whioh is reasonable and approaches the upper limit of what might be 
termed a medium soale TID. We see from figure 4 that even with a horizontal wavelength of 300 km the rate 
of ahange of tilt with distanoo from the origin can be as muoh as one degree in 5 km This rate of change 
is obviously asaoaiated with the shape and scale of the refleoting surfaoe, that is roughly, at a fixed 
operating frequency, the shape of the appropriate plasma fraquenoy contour. We indioate schematically in 
figure 3 the relation between the distortion of the plasma frequency oontour and the observed tilt. The 
vertloal soale of the plasma fraquenoy oontour has been exaggerated but the asymmetry evident is typioal, 
as oan be seen by inapeotion of figure 1. 

4. COMPARISON WITH EXPERIMENT 

Before proceeding to an evaluation of the simple plane tilted ionosphere model currently In use 
in short-range direction-binding work we wieh to eetabliah the quality of the simulation of the TID. To 
this end we oempare observable quantities, dsrived synthetically by ray-traoing the TID, with typioal 
experimental observations of these quantities. 

We consider first the depplar shift associated with ths passage of the disturbanoe overhead. 

Davies and Jones (1971) have oonduoted a series of experiments using the doppler technique to Investigate 
medium eoale TIDs. We give below an example ol' a simulation of their doppler reoords pertaining to a 
middle latltudo aite near Boulder, ll.fl.A. We give in figure 6 the derived doppler shift appropriate to a 
35 k» path at roughly 90 to the direotion of travel of a disturbance, together with the derived doppler 
appropriate to vnrtioal inoidanoe. These reoords may be oompared with a traolng of a typioal doppler 
reoord observed on one 25 km leg of their spaced reoeiver doppler experiment. The similarity is obvious 
and the interested reader will find in referenoe 8 many other doppler reoords of disturbances displaying 
the typical features seen here. 
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It will te noticed that >» with the tilt angle simulation the asymmet.rlo waveform icmii to bo 
typiool of thoao TILs. In some olroumstanoes thia asymmetry own bo uaod to determine tho aanaa of 
direction of travel of the TXD. It ia perhapa not surprising that the tilt angle and doppler records 
display similar features since it oan be shown analytically that there is a very olose relationship 
between these two variables (Bennett, 1970). 

Let us now compare the overhead tilt angle derived as a function of tine fro* the simulated 'fill 
ray tracing with sons experimental results taken from Johnson, Martin and Green (1971). We give in figure 
7 their observed tjlt angle plotted in polar form. Clearly the aean direction of travel of the TID is 
along a bearing 25 west of north. In figure 8a we plot this time aeries of tilt angle without regard to 
sign of the tilt. Thia Banner of presentation ia ooamon but in a sense misleading, because it tends to 
indioats quasi-periodicities roughly one half that of the true period of the TIL. The oorreot way to 
establish periodicity from tilt angle measurements is first to establish tbs direction of travel of the 
TIL with respeot to the origin and then to assign positive or negative signs to the observed tilts 
aooordlng to whether they are forward or backward of a line drawn at 90° to the TIL direction of travel. 
Figure 8b illustrates the result of applying thia procedure. The negative tilts ore no longer folded 
back onto the positive exia and the true periodioity of the TIL is apparent. Figure 8o indicates the 
simulated noise-free tilt observations derivsd from the TIL ray-tracing. There are obvious similarities. 

5. SIMPLE TILT CORRECTION MODEL 

We wish now to consider the simple tilt oorreotion model mentioned previously. Figure 9 
illustrates the prinoiple of the method. The ionosphere overhead ut an instant in time is assumed to ba 
tilted through an angle * from the horisontal. It is further assumed that the instantaneous magnitude and 
direction of the normal vector to the ionosphere can be measured at the origin, C, by measuring tha 
direction of arrival (d^, jS^) of the return pulse from a transmitter located at, or very near, C. 

The tilt veotor at L ia assumad to ba tha same as that at C. For small angles the dlfferenoe in 
height h’ at C and L is oonsidered negligible in the range - bearing calculation. The ray from the 
transmitter st A is assumed to undergo s apsoular reflection at. the tilted ionosphere at height h’ ooe*, 
which ia again essentially h’. The effect of a small difference Ah* upon the position of a downooaing 
ray at C oan be shown to be negligible compared to the changes In pon.Ltion due to the measured differences 
in tilt angle « . 

The aimple geometrical solutions for range and bearing are given in Appendix 1. Note that the 
tilt veotor and the ray path are ooplanar and that the only observable quantities at C are the quantities 
h', A ', fl', and A t , fl t> 

Let us consider tha effect of using the synthesised tilt measurement (figure A gives e(t), and 
flit) a 0 ) to oorreot the apparent directions of arrival corresponding to low latitude results given in 
figure 2. The equations of Appendix 1 have been used to oaloulate the true ranges and bearings as a 
function of t* and these results are ogown in figure 10. Note that an additional transmitter has been 
added at distance 45 km and bearing 10 . When similar calculations are also made for the middle latitude 
site it is apparent that both sites display essentially similar oharaotaristios which are entirely 
consistent with praotioal experiences! 

(e) instantaneous position estimates can be either good or very bad and are about equally 

distributed. Bad results are not transient in time sinoe they can oocur for up to half a period 
( 10-15 minutes). 

(b) the range of the mean position, derived from consolidation of a series of measurements 

spread over one or two periods of tbs disturbance, always exceeds the true position. This dlfferenoe 
is swaJl when propagation la in the east-west dirsotion but becomes progressively larger as the 
aslmuth of propagation approaches the magnstio meridian. 

Experience gained with ray-tracing various model disturbances makes it clear that the two effeote 
mentioned above arw directly related to two systematic errors made in application of the simple tilted 
ionosphere model. Tha first error is essentially gaemailiool and arises from the fsot that the effeotive 
tilt at an ionospherio reflection point up to 50 km away from the origin in assumed to be the same as that 
measured *t the origin at that instant in time. Figure 4 (or 5) shows very clearly the inadequacy of thia 
assumption since it is dear that the spatial correlation between a tilt measured at the origin and one 
that is effeotive distance d from the origin is not in general a constant for a given diatanoe. Thus sn 
interferometer situated arbitrarily at d « 150 km (figure 4) would measure a tilt which is almost oonstant 
(id.5 ) for all distanoes from 80 - 160 km along tho north-south direction, but which is substantially 
different from that between l60 and 240 km along the state direction. 

The isoionio contours associated with a travelling disturbance are oorrugated along the dlreotion 
of travel of the disturbance and thia corrugated structure is for all praotioal purposes maintained for a 
diatanoe groetly exceeding 100 ks along a direction 90 to the direction of travel. In other words, a tilt 
measurement at the origin oan be expected to be essentially oonstant with diatanoe only along a line passing 
through the origin and having direction approximately 90° to the direotion of travel of the TID, 

In the circumstances indloated above it is obvious that all direotion of arrival observations 
should not be treated as being of equal weight when the aimple tilt oorreotion method ia applied. 

Greatest weight should be attached to observations whose apparent bearings lie at about 90° to the TIL 
direotion and whioh oocur st times when tho ionosphere tilt is small. Conversely least weight should be 
attached to ooaervatlona oocurriug at times when large tilt angles coinoide with apparent directions of 
arrival whioh lie along the TIP direotion beoause the x’ftte of ohange of effeotive tilt with distance is 
then greatest. 

The aeoond systematic error whioh we have mentioned, namely the over-estimation of range in 
oonsoli'lated measurements, appears to be due to neglect of the effeot of the earth's magnetic field upon 

4^1 
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the ray path geometry. Saar vertioel inoideno* the ordinary ray path at the.apogee la essentially 
quasi-transverse (Ratoliffe, 1959) and tha ray tanda to sake an angle of 90° with the direction of the 
aagrie'tio field veotor. This laada to a diatortion of tha ray path which in tha Uniting oaae ia referred 
to aa a ’spitae’. Thia ray path distortion laada to tha ground range aaaooiatad with a given high elevation 
angle being extreaaly aainuth dependent. In figure 12 we indicate the peroentage range error aaaoolateg 
with nggleot of the Earth's nagnetio field for short range ray patha having elevation anglea between 80 
and 90 and aaiiaatha of transai asitn between 0° and 180°. W* define tha triangulation range, d, in a 
ooaoentrlo ionosphere to be given by 2h'/tan A 1 and wa oonpare thia with the actual range an deduced from 
the oblique ray trla oan ba aeon the range errors arising from negleot of the magnetio field affeot 
oan ba considerable, rising to 25# at the dip equator for ray a propagating along the a endian. Errors 
decrease rapidly with increasing dip angle but a 10# error ia still possible at a dip angle of 50°. Range 
errors along tha east-west direction ere in general leaa than 6# at all dip anglea. 

6. IMPROVEMENT OF THE SIMPLE TILT CORRECTION MODEL 

We now oonaider the way in whioh knowledge of the direction of travel, relooity and aoale of the 
TID, auoh as oan be acquired by continuous observations with spaced stations, oui be used to improve the 
tilt oorreotion process. 

Let us begin by assuming that we have been able, by continuous observation, to measure tha 
eagiltud* and direotion of the overhead tilt vector at tha origin. Let us suppose that while continuing 
to obaerve the tilt vector we also observe tha direotion of arrival of rays fro* an unknown remote 
transmitter. Our problem is firstly to determine, from the apparent eximuth and elevation anglea of tha 
unknown transmitter, the veotor Joining the origin and the remote refleotion point. This is given simply 
by equation 3 in Appendix 1. Having established the direotion of motion of the TID from the tilt veotor 
measurements we than take the component of the origin-to-reflection-point veotor that lies in the direotion 
of travel of the TID, that ia, we oaloulatw the magnitude of BC.ootXfLjp - 0' ) where ia the direotion 
of travel of the TID. Sinoe we have observed the tilt as a function IJ of time we oan ’construct (and 
continuously update) the «(t) record of figure 4. Knowledge of tha velocity of the TID, determined from 
the time displacements relating to a oommon event (perhaps the large negative tilt perk) observed at the 
3 speoed stations, will enable the time scale to be supplemented by a distance soale. Now in order to 
determine the effeotlve tilt at the remote refleotion point at a given time we need only progreas from the 
point on the distance soale corresponding to the tilt measured at the origin, a distance BC.oos(jZL - 0') 
in the appropriate direotion along the soale whioh will then indicate the required tilt. i,L ' 

As we have pointed out before when the apparent aslmuth 0' is about 90° to the direotion of 
travel of the TID the tilt observed at the origin will be the same as that observed at the remote refleotion 
point. When, however, 0' is along the direotion of travel of the TID then the tilt at the remote refleotion 
point say be very substantially different from that at the origin. If the general oonoept of the simple 
plane tilted ionosphere model is retained but the tilt st a given remote refleotion point is oaJ.oui.ated 
aa indioated above and this tilt is used instead of the tilt at the origin, the overall d.f. results oan 
be shown to be considerably better than those given in figure 10. However this does not seem to be the 
optimum method of using the tilt information. It is clear that tha ionosphere ia tilted to a varying 
degree over the whole ionoapherlo path so various ways of averaging the tilt over the path in the 
ionosphere have been tested empirically. It haa been found that the spatial average of the tilt measured 
at the origin and that measured at the remote refleotion point gives the moot oonsistent and most accurate 
answers when used in the simple model. 

Thus we give in figure 12 the results of reoaloulating the points in figure 10 but this time using 
the teohnique outlined above. If after consolidation of s number of results extending over st least one 
wave period and calculation of a mean, the systematic magnetic field oorreotion is also made, the mean 
consolidated answer is quite reliable, being normally within 5% of the true position. The computed bearing 
scourscy is particularly high, being usually within 2 degrees of the oarreot bearing and often very much 
closer than this. 

When the above teohnique is applied at high dip latitudes exoeeding 60° or so, it is occasionally 
found that propagation paths passing through ionospheric regions where the tilt is ohanging very rapidly 
will give highly erroneous results even when the spatial average tilt method is applied. This seem* to be 
basioally e ma^-netio field affeot sinoe it does not seem to ooour at low dip latitudes. Perhaps the large 
lateral deviation near apogee of tits ordinary neve has an effeot comparable to the tilt affeot at high dip 
anglea. It is in fact possible at high dip latitudes to gensrate forbidden sonss auoh that no ray paths 
oan exist between a transmitter and a reoeiver some tans of kilometres distant. Under auoh conditions a 
range/bearing polar plot of ground landing points, corresponding to e range of elevation angles st the 
origin, oan assuaw an extremely distorted appearaooe. It should perhaps be pointed out that for e plane 
parallel iaotropio ionosphere the locus of ground range at a constant elevation angle ie a oirolo centred 
on the origin (at least up to s IOC km or to). For moderate tilts at reasonable dip latitudes these uiroles 
degenerate into ellipses whose oentro is offset from the origin ss indioated in figure 13. For the high dip 
angles mentioned above and for extrema tilta, the range and bearing plot oan have the appeoranoe of that in 
figure 14. Under auoh oonditiona no simple triangulation model oan be expected to give reliable d.f. results. 

7. CONCLUDING REMARE3 

We have presented the results of a computer simulation oi the time variation of direotion of 
arrival of short range ionospheric radio ray paths in the preaenoe of a realietio medium-soale travelling 
ionospherio disturbance. Tha quality of the simulation has been established by oomparioon of simulated 
doppler records and reoords of tha time variation of F region tilt angles with experimental observations 
ef these quantities. 

We have examined by simulation the apparent asimuth deviation of a number of fixrd remote 
transmitters as the simulated TID passes overhead. Thi»> study has been carried out at a low latitude aixi 
e middle latitude site and we have noted that tha locus of the asimuth deviations always lies in a 
direotion parallel to that of the motion of the TID. We have pointed out that in suoh oiroixsstsnoes 
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instantaneous maiu w— i'U of d.f. bearings on a remote transmitter oannot be considered to be of equal 
neight. In particular those bearing outa taken when the apparent direotion of arriyal lies along the 
direction of travel of the TID are considered to be of low reliability, whereas those taken when the 
direction of arrival lies at about 90° to ths direotion of travel of the TID are considered to be of high 
reliability and this is particularly so if the overhead tilt is also less than 2° or so. 

We have related observed time series of overhead tilt angle to the shape and soale of the TID 
and have shown that a ooonon method of presentation of tilt angle results underestimates tho periodioity 
of the TID observed by a faotor of roughly two. ffe have indicated how this may be avoided. 

The aoouraoy of a simple plane tilted ionosphere model hi.s been evaluated and the synthesised 
results show that the uncertain d.f. results commonly seen in praotioe at short range are mainly due to 
inadequacies in the simple ionosphere model. In particular we have dravm attention to two systematic 
errors arising in application of this model. The first essentially goometrio error arises from the 
assumption that the instantaneous overhead tilt is maintained for a diatanoe of about 50 km from the 
origin on all azimuths. The rate of ohango of tilb with diatanoe in the ireaeooe of TID's has been shown 
to be strongly azimuth sensitive. 

The aeoond error arises from neglaot of the effeot of the earth's magnetic field upon the iono- 
spherio ray paths and it is shown that this negleot, which is most severe at low latitudes and in partioular 
along the direotion of the magnetio meridian, can lead to range errors (evia in an unperturbed ionosphere) 
of at least 25& 

finally we nave considered the manner in whioh knowledge of the direction of travel, velocity 
and soale of a TID, such as might be obtained b,y continuous observation with spaced stations, oan be used 
to improve the simple tilted ionosphere model. We have been ablo to demonstrate a substantial improvement 
iu direotion finding when these faotors are taken into aocount. Nnver-the-lese we have also pointed out 
that at high dip latitudea, short range propagation paths oan be so distorted in the presence of a TID 
that for a certain fraotion of the period of a TID no simple model oan be expected to ao' aunt for the 
resulting distorted large end bearing plots. An example of this oiroumstanoe has been given and no means 
of ooping with it are yet known. 
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Fig. 3 The apparent position as a Amotion of time of three hypothetical remote tram suit tern at about 
60 N dip latitude. 
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fig. 1*. The magnitude of the ionosphere tilt seotor as s function of time for both the low latitude sit* 
(solid lino) and the middle latitude site (broken line),. 
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Fig. f> TIm relation between the bbaorved' ionosphere tilt reotor and the distorted plasma frequency 
oontour. 
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Fig. 6 Comparison of synthesised and experimental dopplor aiiifta. 

a. experimental 25 km path 

b. synthesised 55 km path 

o. eyntheaised xertioal inoidence 
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Fig. 8 Thu time series of tilt observations of reference 11 compared with theory. 

a. the observed aagoitude of the tilt vector as a funotion of time 

b. the sense and magnitude of the tilt observations as a funotion of tijee 
o. the thaoretioal variation of tilt with time 
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QUELQUES EFFETS DES CODES DE CJLAVITE ATMDSPHERIQUES OBSERVES 
SUR UNE LIAISON RADIO TRANSIiQUATORIALE 


par 


J, RSttger 


SOWAIRE 


L'auteur Ctudie 1'influence dee ondee de grayitfi atmosphSriques eur la propagation 
d'ondet radio HP d'un point d un autre d traver* 1'ionosphdre, dans deux cas particuliera : 
celui ou lee ondes de gravity ae propagent paraildlement au plan du grand cercle qui joint 
lea extrCmites de la liaison, et celui oil ellea ae propagent transversal eweiit, 

Des mature* ont Stg effectutes le long de la trajectoire radio HF, tranaequatoriale 
nord-sud, reliant Linduu (Allemagne de l'Ouest) d Tsumeb (Afrique du Sud-Oueet) j ces mesurea, 
rSaliaies d l'aide d'Smetteura d ondes estretenues de frequence fixe, ont rbrili des variations 
pfiriodiques et nocturnes de 1'amplitude du champ, quo l'on suppose etre dues d une focalisation 
provoqu£e par des ondes de gravity atmoephSriques se propageant du nord au sud, Des calculs de 
trajectograpbie montrent qu'il peut se produire den focalisatious pSriodiques lorsqu'on utilise 
des profile ionoephtriques perturb^s pur des ondes de gravity atmosph£riques, On effectue une 
analyse de density d'Snergie des configurations de l'amplitude du champ enregistr£es, afin d'ob- 
tanir dea indications sur les priccipales piriodes de fluctuation. 

On observe des deviations d'azimut allunt jusqu'd 50 ° d l'eat et d l'ouest du grand cer- 
cle passant par Lindau et Tsuneb j on peut expliquer ces deviations par la reflexion et la diffu¬ 
sion latlrales dues d des irr£gularit£s de l'F diffus equatorial, Les variations du temps de pro¬ 
pagation et de l'azimut indiquent la presence de perturbations ionosph£riques itin£rantes se d£~ 
plaqant d'ouest en eat dans It zone equatoriale. La vitesse at la distance horizontale des zones 
oil spparaft p£riodiquement une reflexion latersle sont comparables d celles relatives aux ondes 
de gravite atmospheriques. 
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SUMMARY 


The influence of atmospheric gravity waves on the point-to-point propagation of HI’ radio 
waves in the ionosphere in investigated for two cases i The gravity waves are propagating in direc¬ 
tion of the great circle between two points, and the gravity waves are propagating transverse to 
the great-circle direction. 

Measurements on the north-south directed transequatorial HF radio path Lindau/W.Germany - 
Tsumeb/South West Africa using fixed-trequency CW transmitters show periodical fieldstrength 
variations during night-time hours, which are assumed to be caused by focussing due to north-south 
propagating atmospheric gravity waves. Ray-tracing calculations prove that periodical focussing 
can occur when ionospheric profiles perturbed by atmospheric gravity waves are employed. A power 
density analysis of the recorded fieldstrength patterns is carried out in order to obtain indica¬ 
tions about the main fading periods. 

Azimuthal deviations up to 5^° east and west of the great circle Lindau - Tsumeb are obse"ved 
and can be explained by side reflection and side scattering due to irregularities of the equat. ial 
spread-F. The variation in propagation time and azimuth angle is indicating traveling ionospheric 
disturbances moving from west to east in the equatorial zone. The velocity and the horizontal 
distance of periodically occuring side-reflection areas are similar to those values concerning 
atmospheric gravity waves. 


1. INTRODUCTION 

Investigations of the effect of atmospheric gravity waves on the HF radio wave propagation 
were carried out, concerning vertical sounding experiments (Bowman, I960, 1968; Klostermeyer, 1965; 
Baker and Gledhill, 1965), and concerning oblique-incidence backscatter sounding (Tvcten, 1961; 
Hunsucker and Tveten, 196?; Croft, 1963; Georges and Stephenson, 1969). The influence of traveling 
ionospheric disturbances on the point-to-point propagation of HF radio waves essentially was 
investigated by Davies and Chang (1968), Georges (1968), and Nielson (1969) using HF Doppler 
observations. 

This paper outlines some results basing on point-to-point oblique-incidence pulse sounding, 
incidence angle, and CW fieldstrength measurements. Some examples will be given showing the influence 
of atmospheric gravity waves on short-wave radio propagation on the transequatorial path Lindau/ 

W.Germany - Tsumeb/South West Africa. Two different cases will be considered: 

1. The gravity waves are propagating in direction of the great circle between Lindau and Tsumeb, 
which is approximately the north-south direction. 

2. The gravity waves are propagating transverse to the great circle, that means approximately in 
west-east direction. 

Besides group- and phase-path variations, gravity waves concerning case 1 are effecting 
variations in fieldstrength of radio signals caused by focussing and defocussing. These effects 
can he demonstrated by using ray tracing in ionospheric profiles perturbed by atmospheric gravity 
waves. Measurements on the radio path Lindau - Tsumeb (fig. 1) using fixed-frequency CW transmitters 
often show periodical fieldstrength variations. By employing a power density analysis it is assumed 
that these periodical fieldstrength patterns may be caused by focussing due to atmospheric gravity 
waves. 

The gradients of plasma frequency caused by gravity waves of case 2 are leading to a lateral 
deviation of the transmitted radio signal (off-great-circle propagation). Pulse transmissions on 
the oblique-incidence path Lindau - Tsumeb using a rotating direction finder antenna evidently 
show that azimuthal deviations up to 50 ° east and west of the great-circle direction (fig. 1) are 
regularly observed after sunset. This type of off-great-circle propagation is duo to irregularities 
of the equatorial spread-F. The variation in propagation time and azimuth angle of off-great-eircle 
paths is indicating side reflections ar.d side scattering due to ionospheric disturbances in the 
equatorial ionosphere traveling from west to east. The velocity and the horizontal distance of 
different aide-reflection areas can be deduced from these measurements. The observed values of 
velocity and horizontal wave length are similar to those values concerning atmospheric gravity waves. 


2. ATMOSPHERIC GRAVITY WAVES PROPAGATING IN NORTH-SOUTH DIRECTION ALONG THE GREAT CIRCLE 
2.1. Observations 

On the path Tsumeb - Lindau CW fieldstrength measurement are carried out on 14.000 MHz and 
16.996 MHz (17-413 MHz) using horizontal 4-element Yagi antennas in 10.6 m and 14.3 m height. The 
antenna gain is approximately "0 dB and the transmitter power is 1 kW on 14.000 MHz and 0.5 kW on 
16.996 MHz (1T’• 41 3 MHz). Figure 2 shows a typical fieldstrength record obtained during night. Due 
to the fact that the 14.0 MHz signal is below noise level during day-time hours, because of the 
D-layer absorption, night-time records ore selected for comparison. This also omitr, effects of K- 
and FI-layer propagation. The fieldstrength record is obtained by reuding the peak value of the 
receiver input power during a period of two minutes. Because trie transmitter is switched in con¬ 
trary from one frequency to the ether every second minute (this is to provide a correct measure¬ 
ment of the signal-to-noise ratio), one fieldstrength reading is obtained every fourth minute. 
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The plotted aignalstretigth of the 16.9 MHz. signal is reduced to 1 kW effective transmitter power 
by adding J dH to the measured values. The fieldstrength patterns represented by figure 2 evidently 
indicate periodical variations on both operating frequencies. This clearly can be seen on figure 2b 
which is the curvo of figure 2a smoothed by digital filtering by means of the filter given in the 
left-hand side of figure 2b. The fading periods of up to 80 minutes and the nearly simultaneous 
occuring of maxima and minima on both frequencies give evidence to the assumption of focussing and 
defocussing duo to periodical ionospheric disturbances, which are caused by atmospheric gravity 
waves propagating along the great circle Lindau - Tsumeb. 

2.2. Ray-Tracing Calculations 


The assumption oi focussing by ionospheric profiles, perturbed by atmospheric gravity waves 
can be proved by an application of ray-tracing calculations. For this purpose a two-dimensional 
ray-tracing program was developed. As shown by Georges and Stephenson (1969) the effect of lateral 
deviation of radio waves is small and can be neglected if the atmospheric gravity wave is propagat¬ 
ing nearly along the great circle of the radio path. Considering this fact, a 2D ray-tracing is 
sufficient for calculation. This program, furthermore, neglects the earth's magnetic field. The 
signalstrength calculations are basing on the spacing of adjacent ray paths. This "flux-line" 
approximation can be used for practical applications (Croft, 1969), in spite of the fact that it 
breaks down near the skip distance. Losses at ground reflection and the vertical antenna pattern 
are taken into account. D-layer absorption and E-layer bending of the ray can be neglected because 
of the intended comparison with night-time measurements. The F-layer profile is chosen to be para¬ 
bolic (no FI-layer) and be perturbed by an atmospheric gravity wave. This profile can be analytical¬ 
ly expressed by: 
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The horizontal distance of the wave is xg » x - ng-X x , where ng 


distance from the northern terminal of the path is x s 
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0,1,2,3>-> T he normalized wave 
The gravity wave propagation is in 


Xx ® 

the direction of x. The ionospheric profile given by these parameters is shown in figure 3. The 
choice of the parameters Sq » 0.1, X x - 600 km end X z ™ 240 km indicates a medium-scale disturbance 
(Georges, 1968* Georges and Stephenson, 1969). This simplified form of an ionospheric profile, re¬ 
presenting the influence of an atmospheric gravity wave, can clearly indicate the effects of this 
perturbation to oblique-incidence short-wave propagation. 


The HF radio wave propagation on the 7913 km long path between Lindau and Tsumeb can only take 
place via multi-hop propagation. Generally, at least 3F propagation is necessary. To avoid comp’exity, 
the perturbation of the ionosphere is assumed to be limited to the ionospheric region in the northern 
part of the path where the first reflection takes place. The further ionospheric reflections are 
assumed to be in a concentric, homogeneous ionosphere with no horizontal gradients of plasma fre¬ 
quency . 


Figure 4 shows t.ie so-calculated range-elevation display for the two fixed frequencies 14.0 MHz 
and 17.0 MHz and 3 F propagation, where -0 is the elevation angle at the northern station Lindau, and 
xp is the horizontal distance from Lindau. xg is the normalized wave distance. As this example evi¬ 
dently indicates, "ripples" are propagating to a closer distance and to higher elevation angles 
when the wave distance xg is increasing. The wave distance Xg can be expressed by the time t£, which 
is the normalized time iri wave periods. If the period of the atmospheric gravity wave is assumed to 
be one hour, the time tg - 0.2 (a xg) is standing for 12 minutes, which is the difference in time 
between the different divisions of figure 4, The increasing wave distance xg indicates increasing 
time. 


Focussing takes piace where becomes smalL. Regarding, fur example, the case of xg » 0.8, 

this focussing is at the minimum 6900 km, the maximum 7800 km, and at the skip-.: istance minimum 
5840 km. This is for the operating frequency 17 .O MHz* the focussing on 14.0 MHz m ut smaller 
distances. Proceeding to xg - 1.0, the ripples have moved to still smaller distances. The maxima 
and minima at low elevation angles will lead to a focussing effect like the skip-distance focudsir 
with a sharp decrease of fieldstrength when the MUF is passing the operating frequency. A steady 
increase and decrease o' fieldstrength will be expected for increasing xg when only a point of 
inflection occurs on the range-el eva t i on display. This point of inflection is, for example, at, 

‘i 190 km on the operating frequency 14.0 MHz and xg « 0.4 (see fig. 4). 
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Aa the diagrams of figure 4 demonstrate, che focussing ripples are at different ranges xp, 
considering' the different iren'mnciefi 14.0 MHz and 17-0 MHz, Duo to the fact, that the ripples are 
moving to smaller langes with increasing wave distance xc, (« t£), a time delay in focussing between 
the two frequencies will be expected when transmitting to a fixed distance xp - const. 


The characteristics of an oblique-incidence signal transmitted along the fixed distance of 
7915 km between Li ml a» and Tsumeb are shown in tho following figures, concerning the ionospheric 
model illustrated by figure J, and using the fixed operating frequencies 14.0 MHz and 17.0 MHz. 
Figure 5 demonstrates the calculated elevation angles -Hi at Lindau and Op at Tsumeb for the 3F, 

4F and 5^ propagation as a function of the normalized wave distance xg. High angle characteristics 
are plotted only if the fieldstrength of this propagation mode is comparable to the field6trengLh 
of low angle modes. This is the case only for the 4F mode on 17.0 MHz. For a specific range of X£ 
the low angle JF mode is split into throe propagation paths vith different elevation angles. This 
effect is not so much pronounced at vhe steeper elevation angles of 4F propagation on 14.0 MHz. 

The splitting is not observed at the 5F mode on 14.0 KHz and the 4F mode on 17.0 MHz due to the 
fact that only inflection points exist near the skip distance, which is demonstrated by the range- 
elevation display of figure 4. The difference in the pattern of the elevation angles -Ai ar.d Ap 
(the variation in is much greater than the variation in Ap) is evidently caused by the tilted 
ionospheric model (fig. 3) used in this calculation. 


Figure 6 shows the calculated group propagation time t' for the 17.C MHz signal as a function 
of the wave distance xg (respectively the time tg in wave periods). The difference in propagation 
time of less than 0.06 msec ccncerning the split paths of the 3F mode, can hardly be measured by 
usual pulse-technique transmissions. The variation in propagation time of the 4F mode is exceeding 
0.2 msec because the reflection level is near the layer maximum (low angle and high angle . , close 
together), where the influence of the disturbance is much more pronounced than at. lower levels. The 
pattern of the group propagation time is periodical because the normalized wave distance 
, x - ng.\ v 

xg » —5- v A is periodical when ng becomes 1, 2, 3 etc. and the gravity wave is propagating 

A X 

through the reflection area. The same is obviously valid for the elevation angle and fieldstrength 
patterns. These periodical variations are accompanied by periodical variations of the received fre¬ 
quency (up to a few Hz) due to the variation of the phase path. Periodical variations of frequency 
have been observed by Georges (196o) >and are explained by ionospheric perturbations by atmospheric 
gravity waves. 


The diagrams in figure 7 demonstrate the absolute fieldsti engt.h Pg of the split 3^ mode for 
the frequencies 14.0 MHz and 17.0 MHz. These diagrams indicate the "skip-distance-like" focussing 
effects around ?:g - 0.1 and x£ =■ 0.7. Furthermore, the time delay in focussing on these two fre¬ 
quencies is demonstrated: The focussing on 14.0 MHz takes place at a lower value of xg than on 
17.0 MHz. This is when the atmospheric gravity wave is propagating from north to south and has o 
tilt into the direction of propagation. Assuming a wave period of one hour, the time delay of the 
fieldstrength peak on 17-0 MHz (relative to 14.0 MHz) is approximately four minutes, concerning 
the horizontal wave length of 600 km used in this calculation. 

Figures 3 and 9 show the results of fieldstrength calculations for all possible propagation 
modes taking into account the ground-reflection losses (relative permittivity e r = 7 ar.d conductivi¬ 
ty o » 3-10-3 n _1 m - ') and the vertical antenna pattern at the transmitter and receiver. Consequent¬ 
ly, these plots are demonstrating the effective receiver input power of the single modes. The 5F 
mode on 14.0 MHz clearly indicates the steady increase and decrease in fieldstrength due to inflec¬ 
tion point focussing. The steady increase accompanied by a sharp decay shown on the 3F modes is due 
to focussing at maxima in tho range-elevation display of figure 4. The rather low receiver input 
power of the focussed 3F modes at xg “ 0,1 .is caused by the decrease it. antenna gain at low el va- 
tion angles. The time delay in the fieldstrength maximum of the low angle 4F mode on 17-0 Mliz (rela¬ 
tive to the 14.0 MHz maximum) is approximately 15 minutes. 

As all modes have to be added when CW transmission has to be considered, several maxima in the 
fieldstrength patterns are occurring when the atmospheric gravity wave propagates along a distance 
of one wave length. The interpretation of the fieldstrength pattern becomes much more complicated 
when che fact is regardeu that at all three, four or five reflection points in the ionosphere 
focussing takes pluce. The fact that the gravity wave is propagating periodically through all 
reflection areas gives rise to some more complexity. 


2-3- Evaluation o..' Measurements 


shown in the previous section, the determination of the characteristics of atmospheric 
gravity waves by means of fir 1 u; ‘rength measurements seems to be relevant only if one-hop propaga¬ 
tion is taken into account or only one propagation node is dominant. In spite of this fact, it 
seems appropriate to ask after the effect of a perturbed ionosphere on the fieldstrength pattern 
of a ,adio path. This can firstly be done by simulating the fieldstrength pattern by means of ray 
tracing calculations as it is pointed on. in the section before. A further Dossibility is to evaluate 
measured fieldstrengch records by means of a power density analysis, which is basing on the Fourier 
■ raneformation of the auto-correlation function ol' a time series (Taubenheim, 1969). This analysis 
gives evidence about the fading periods and amplitudes which are included in the measured field- 
strength patterns. 

Figure 10 shows the mean powe: density of all night-tiue fieldstrength records obtained during 
August 1969 on 14.000 MHz and 16 .996 MHz. A power density analysis was done for every night (19 - 
05 UT) and the mean value of all analysed nights is plotted as a funct.on of fading period j, re¬ 
spectively fading frequency v'. The resulting diagram (lie. 10) shows that in a steady increase of 
the power density to longer periods slight maxima are occuring between periods of }0 minutes and 
80 minutes. Three maxima art* evident at. the coherence plot, which is deduced from the c ro:n>-correia- 
tioa function and is a measure for the similarity of both time seri«e. The mean standard deviation 
of the calculated power density ami coherence is not exceeding lib % of the plotted valuer. The 
relevant maxima at approximately 4b , Vi end 8o minutes Midicate the dominant periods o f the observed 
fieldstrength patterns. The best, coherence between the two signals is at periods between ?U minuter; 
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and 90 minutes. The mean phase lag At between the two frequencies has a standard deviation lower 
than £1 minute. In the period range of 30 minutes to ‘>0 mirutea thio phaoe lag is negative; that, 
means, the fading periods of the 16.9 MHz oignal are occuring after the respective fading periods 
of the 14.0 MHz signal. This io in agreement with the calculated time delay when considering 
focussing due t.o atmospheric gravity waves (see fig. 7). The positive time delay of the periods 
greater than ‘>0 minutes seems to be due to the fading-out of the 1b.9 MHz signal, which sometimes 
occurs between 93 UT and Oh UT and takes place earlier than the fading-out of the 14.0 MHz oignal. 

figure 11 indicates the occurrence frequency of fading periods observed during all nights of 
August 1969. It is presumable that the maximum of the occurrence frequency in within the period 
range o 20 minutes to 60 minutes, which is approximately the period range of atmospheric gravity 
waves, in spite of the fact that characteristics of atmospheric gravity waved cannot be determined 
from this analysis, it may be assumed that the observed long-periodic fading is caused by focussing 
due to atmospheric gravity waves. 


J. DISTURBANCES IN THE EQUATORIAL IONOSPHERE TRAVELING TRANSVERSE TO THE GREAT CIRCLE IN 

WEST-EAST DIRECTION 

J . 1. Observations 

Besides normal propagation along the great, circle Lindau - Tsumeb (fig. 1) off-great-circle 
propagation often can be observed during evening hours. Measurements to record the great-circle 
deviation are carried out, using a rotating direction finder antenna which has a distinct minimum 
in forward direction. Pulse transmission is used to provide a correct measurement of the signal 
propagation time (fig. 12). The pulse repetition time is 20 msec, and the pulse duration is 200 psec. 
Tne pulse peek power on the fixed frequency 18 .2 1 MHz is approximately 100 kW, and the antenna gain 
is about 10 dB at the transmitter and receiver site. 

Figure 1J shews a typical event of this kind of off-great-circle propagation. The off-groat- 
circle paths regularly can be observed after 17 UT east of the great circle. Between 19 UT and 
20 UT propagation paths west of the great circle occur and the eastern paths disappear. On a few 
occasions off-great-circle propagation still is observable when the great-circle propagation has al¬ 
ready faded out (2120 - 2200 UT). Usually normal propagation conditions without distinct off-great- 
circle propagation reopen during midnight hours. 

The depicted effect of lateral or great-circle deviation is characterized by two di.ferent 
types of propagation paths: Besides a continuous background of diffuse traces (partial reflection), 
the spectrum of propagation time frequently indicates discrete traces (possibly due to total reflec¬ 
tion) commencing within a few minutes and existing up to two hours. At times groups of up to ten 
traces with different propagation time and different azimuth angles can be detected. The propaga¬ 
tion time of the discrete traces is increasing with time when the path is observed east of the 
great circle, and is decreasing with time when west of the great circle. Simultaneous with this 
observation a email eastbound drift of 'he path's azimuth is perceptible, regardless if the path 
has east or west deviation. 

3.2. Analysis of the Observations 

All the described observations point to distinct character!sties of the equatorial spread-F 
(Clemesha id Wright, 1966; Kelleher and Skinner, 197 1 ) It can be shown that the observed off- 
great-circ. paths are caused by side reflection and scattering due to spread-F irregularities near 
the magnetic dip equator (Rottger, 1972). If the ionospheric propagation modes on the path ttanc- 
mit.ter - equator - receiver are known and the side-re flee tic n areas are supposed to be small com¬ 
pared to the length of the entire path, the position of the side-reflection areas can be calculated 
from the observed azimuth angles and signal propagation time (Rottger, 1971a). 

The propagation on the radio path T in6au - Tsumeb during the evening hours predominantly takes 
place via 3R< 4F and r )F propagation. These propagation modes, concerning off-great-circle propaga¬ 
tion, are split into the two partial modes transmitter - equator and equator - receiver. The par¬ 
tial modeu are defined by the number of semi-hops (oart.h - ionosphere and v.v.). For example, the 
4F mode is epl.t into the 5-3 (p-5) mode, which indicates 5 (3) semi-hops on the path transmitter 
(Lindau) ■■ equator aril 3 (5) semi-hops on the path equator - receiver (Tsumeb). Using a mean ,ono- 
epheric profile along the propagation path (a parabolic F-lnyer with f c - 10.0 MHz, zq « 220 kin, 
y m - 0.4 zq) , the mean position of the side-reflection areas, concerning every observed trace, can 
be calculated. The absolute error of the position finding of a single side-reflection area is not 
exceeding ♦‘>00 km in no’-th-eouth direction and tl‘jO km in west-east direction. This errs- is mainly 
caused by the statistic. 1 uncertainty in determining the ionospheric parameters along t path trans¬ 
mitter - equator - receiver (Rottger, 1971b). 

The calculated position of side-reflection areas as a function of time t is demonstrated by 
figure 14. For this position determination the observed values of figure 13 are used. The relative 
error in the position indication as a function of time is smaller than the epecilied absolute error, 
because the variation of the ionospheric pa-ameters during a few Lours can be assumed to be normally 
much smaller than the variation during one month (this in used for the calculation of the absolute 
error). To assure the agreement between the model of figure 14 and the obeervations (fig. 13), the 
calculated propagation time t' (using thin model) is compared with the observed propagation time 
(fig. 15). The sufficient agreement of the calculated and the obsi rveci values indicates that the 
model of figure l4 may be supposed to Le relevant. 

In figure 14 the side-reflection areas are assumed to be on the magnetic dip equator (the 
maximum of occurrence frequency o! side reflections,'. The ordinates dy and dg are indicating the 
distance measured from the cross-point of the dip equator and tne great circle in latitudinal 
direction i west - east 1 . The west-east direction i.i approximately along the magnetic dip equator 
(see fig- '). The ordinate 1 is the corresponding geographical longitude, and a is the azimuth 
angle of the si de-ref1ection areas observed at Lindau. This diagram (fig. 141 demonstrates that 
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tha aids-caflaction arsaa are commencing after sunset at the magnetic dtp equator. An eastward 
movement of all these areas Is perceptible and the corresponding velocity is between 60 ™— and 

2?0 —2—. Oroups of side-ref lection areas can be observed! between 2040 UT and .'MJO UT at least 

sec 

five different tracer are evident. The horizontal distance in west-east direction between diffe¬ 
rent traces is approximately 600 km. 

The observed velocities and the horizontal distance (wave length) of the aide-reflection areas 
give evidence to the assumption that these periodical structures in the equatorial ionosphere art 
caused by atmospheric gravity waves commencing after sunset in the equator region. The observed 
structures are evidently occuring in connection with the equatorial opread-F. As shown by Bowman 
(1S'68\ a relation between atmospheric gravity waves and the occuring of spread-F can be assumed. 

The hypothesis that the moving structures in the equatorial ionosphere do exhibit typical 
features of atmospheric gravity waves shall be supported by some more statistical data. For this 
purpoMe all data, concerning off-great-circle propagation on the path J.indau - Ts-uneb, obtained 
during March 1971 are analysed. 


Figure 16 shows the analysis of the variation of propagation time f for eastern and western 
deviations. The variation vy— of the signal propagation time is associated by a Doppler shift of 

« t j | 

the transmitted frequency which is indicated by the frequency variation Af. '"he variation — — is 

observed to be positive for eastern traces and negative for wentorn traces. The corresponding Af 
has opposite sign. This diagram, comparing the absolute values of the variations, demonstrates 
that the western distribution does not coincide with the respectively eastern distribution. Equa¬ 
lity of both distributions should be expected if the variations of the propagation conditions along 
the path transmitter - equator - receiver are assumed to be small and similar velocities of the 
side-reflection areas east and west of the path are presumed. East and west deviations can be com¬ 
pared because the zone of equatorial sproad-F (along the magnetic dip equator) where the side 
reflections take place is approximately symmetrical on both sides of the path Lindau - Taumeb. 

The observed unequality of the eastern and western distribution can be explained by a decrease 
of the reflection height at the dip equator. This decrease of the .F~layer height is observed at 
equator stations after a distinct increase of layer height after sunset (GRI, 1970). 

Using the observed variations of signal propagation time, the eastward velocity ^ and the 
downward velocity can be derived. The measured variation of the propagation time -S^-'is given by i 


dt 1 
dt 


at , . at , 

dt* ( dt’ (l) + dt“ ( ^f* a) ’ 


( 1 ) 


where the y-axie is pointing eastward, the z-axis is the vertical, and a is the azimuth angle 
measured at L:ndau. t is the time, and . 1 the signal propagation time. Concerning eastward veloci- 
dt v 

ties, the variation ■yr x is positive cost of the path and negative west of the path. The variation 
dt' dt 

■77* i 8 always negative for decreasing layer height, regardless if the path has eastern or western 
at ^i 

deviation. Due to this fact., both variations and — 4 have similar sign (minus) west of the path 

and have dissimilar sign east of the path. This leads to an amplification of the variation —— at 

western paths and to an attenuation at the east. The variation due to eastbound velocities can be 
expressed by: 

$-£<■>■$<&■>. <« 


where 4? io a function of the eastward velocity 4?- and can be calculated for all expected values of 
dv dt dt' dt 

-fr and a. In the uarae manner ——*■ can be calculated, considering the path geometry and the propaga- 

dt da dt' , . dt' 

tion conditions along the path. The value oi is determined by (1) if the value of is known. 

Because two distributions are obtained, one for eastern paths and one for western paths, the magni- 
dt; dt' 

tude of can be obtained due to the fact that has a constant sign on both sides of the path. 

By assimilation of the both distributions the quantity and the corresponding height variation 

dz dt * 

~ con be determined when searching the value of which leads to the beet similarity (similar 

median values) of both distributions. Thus, the eastward velocity is obtained from i1 ) and (?)s 


-- ( 4 * a) 

dt o t. a ' 


— - ~77T~ ia derived from measured values, ttt and 
l dt dty 

(4r, a) leads to the wanted velocity 
cl t Tj a t 


are calculated, thus, the inverse func- 


Applying the outlined method to all observed side-reflection traces, the distribution of the 
eastward velocity Vg is obtained from the eart and west distribution uf ~ , This distribution is 
illustrated by figure 17. Thj corresponding mean height variation is -24 , which ie in sufficient 

agreement, with direct measurements at the equator. The measured height variation, obtained from 
vertical sounding ionograms of Ouagadougou (GRI, 1970) in the equator zone, ie -19 (March 1970). 
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Th<i median value of 'the deduced velocity distribution ie v v » 110 ——, the lower quart in 45 ——. 

m , ! oat nec’ 

and the upper quart is l85 measuring the horizontal distance (in went-euot direction) bet¬ 

ween adjacent, aide-reflection areas, tho distribution of the horizontal "wave length" dy^ i*i obtained 
(fig. 17). Here the rnediun value is }80 km, the lower quart'is 210 ku, and the upper quart Is 65 O km. 
These observed values of horizontal velocity and wave length are in good agreement with observations 
of traveling ionospheric disturbances in ihidlati tudon (l'voten, 1961 I Hunaucker and Tveten, 196?^ 
Georges, 1968), which a'-o assumed to he cauned by atmospheric gravity waves. 

Figure 18 shows the distribution of the number,of different traces oboerved aimultaneona.ly 
during a period of 15 minutca. The number of traces in indicating tho numb,er of periods of the wove 
propagating into eastward direction. Ao this diagram further demonotrateu, traeun west of the great 
circle are occuring much more frequently than traces cast of the great circle. Thia points to an 
asymmetry of the periodical 1 structure of the electron density distribution causing the aide reflec¬ 
tions. Thia observation is in accordance with results ob'ained by Davies and Chang (1968) using 
Doppler measurements on an equatorial radio path. As the ionospheric model of figure 5 indicates, 
the asymmetrical, tilted structure is an evident feature of an atmospheric gravity wave. 


1*. CONCLUSION 

Two effects of traveling ionospheric disturbances are demonstrated in this paper. Disturbances, 
caused by atmospheric gravity waves, propagating along the great-circle direction of the radio path 
I,i.ndau - Tsumeb are producing periodical fluctuations of the received fieldstrength. It Ie assumed 
that this focussing effect may give evidence to obtain indications about some parameters of atmo¬ 
spheric gravity wave's when analysing the f ieldotrength variations on o short er radio path. : 

Traveling disturbances, occuring in connection with the equatorial spread-F, are analysed. 

It is shown that the characteristic velocities and wave lengths are similar to observed values 
of midlatitude traveling ionospheric disturbances, which are assumed to be due to atmospheric 
gravity waves. Some more investigations seem to be necessary to understand the propagation of 
these disturbances, because the direction of propagation is nearly perpendicular to the direc¬ 
tion cf the earth's magnetic field. 
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Fig. 3 Model ionosphere perturbed by atmospheric gravity wave. 

z is the height and is the horizontal distance. 
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Fig. 4 Range-elevation display showing the horizontal range x^ of the downccaing radio wave, 
transmitted at the elevation angle -9 and propagated via 3F reflections, 
is tlu normalized gravity wave distance. 













Calculated absolute fieldstrength P^, as a function of the normalized gravity wave 
distance x* (x_ - 7915 itm) • 
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Mean power density, the relative coherence, and the phase lag of the long-periodic 
fading measured on 14.000 MHz and 16.99 Mhz. 
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Fig. 11 


Occurrence frequency of fading periods measured on 14.000 MHz and 16.996 MHz 













33-1 


LINDAU - TSUMFR 

18.21 MHz MARCH 1, 1971 2048 UT 


t ' 

30.8 - 4 





0° 30° 60° 


Record of the propagation time t' as a function of azimuth angle a. 

The mark at a • 0 determines the great-circle direction. The azimuthal deviation 
at the transmitter in Lindau is identified by the midpoint minimum of any trace. 
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Off-great-circle paths observed between Lindau and Toumeb. 




















Fig. 14 Position of aide-reflection areas on the magnetic dip equator. Sunset at the 

dip equator is in the specified heights h. 
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Fig. 15 Comparison of observed (fig. 13 ) and calculated traces, using the model of figure 14. 
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Fig. 16 


Occurrence frequency of the variation of group propagation time and frequency Af 
due to eastward moving disturbances. 


Fig. 1? 



Distribution of wave lengths d,,,, and horizontal (eastbound) velocities v„ calculated 
° WE E 

from observations. 
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NUMBER OF OBSERVATIONS (At = 15min) 
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Fig. 18 



Number of traces observed simultaneously within a period of 15 minutes. 
Observations of March 1971. 
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PROPAGATION D'IMPULSIONS H.F. D'UNE DUREb INFbRIbURb A LA MICROSECONDS 
A TRAVERS DBS PERTURBATIONS IONOSPilERIQUES ITTNERANTES 


par 


G.M. Lerfald, R,B, Jurgens et J.A, Joselyn 


SOMAIRE 


On a cualyoA des impulsions H.F, c'une duree inferieure a la microseconde, revues a une 
distance de 1 500 km a la suite d'une seule reflexion ionospherique par la region F, afin d'Atu- 
dier lcs effete imposes a ces impulsions par le processus de propagation, Ces impulsions, qui 
etaiert transmises sous forme de trains il'ondes a enveloppe quasigaussienne, avec une largeur d'en¬ 
viron 0,3 u sec. entre points a domi-puissance, presentaient un spectre d'Amission (d'une forme ega- 
lement. quasi-gaussienne) d'environ 3 MHz de largeur, centrA a 18 MHz, Au cours des sequences, troiB 
impulsions etaient transmises a deux secondes d'intervalle au dAbut de chaque minute, Ces systemeo 
rAcepteurs a largeur de bande variant de 0,5 a b MHz etaient utilises pour recevoir les signaux rA- 
flecbis. Les donnAes Etaient affichees sur des oscilloscopes a declenehement et enregistrAes photo- 
grapbiquement, Dee observations diurnes furent effectuAes f sur une vingtaine de journees (habituel- 
lement par sequences de b ou 5 jours), au cours de la periode s'etendant do septembre I969 a mars 
19T0. 


Les impulsions enregistrees sent de forme tres variee, Une des caractgristiques observAes 
est l'allongement de 1'impulsion attribuable £ la dispersionionospherique, En general, pour un 
rAcepteur de 1 MHz, 1'impulsion enregistrAe dure environ 15 11 Bee, Lcb impulsions enregistrees prA- 
pentent aussi frAquemnent une structure due au dedoublement de polarisation et a la rAception de 
trains a'ondeo decales dans le temps provenant de rAfiexions multiples(plusieurs sauts). 

Certains des rAsultats obtenus a partir de l'analyse statistique d'un grand nombre d'impul¬ 
sions (a, 19 000) et de J 'analyse detainee d'un petit nombre d'impulsions individuelies, sont les 
svivauts : 


1°) Les rApartitions d'apparition des longueurs d'uapulsion donnent les taux effectifs de 
dispersion ionospherique, Cette quantite est. directement liAe ii la capacite de transport d'infor- 
mation du milieu. 

2°) Les tracAs graphiqueo, par sAquence temporelle, du delai d'impulsion, donnent l'aupli- 
tude et la periode des changeaentB int.ervenant dans les parcours equivalent de groupe, ha mesure de 
ces changenents a AtA effectuAe avec un pouvoir sAporateur d'environ 1 u sec, ' cette Achelle, on 
peut observer, metae par les journees les plus calmes, un spectre de vriationo dfi prubablement e des 
perturbations ionosphAriques itinerantes, 

3°) D'une fagon genArele, les caractAristiques des impulsions ne changent gucri Urns un in¬ 
tervene de quelques secondes, mais uubiBoent frequemment des modifications marquees sur quelqueu 
minutes. 


b°) Une analyse detaillAe de certaincs impulsions a montrA que l'on pouvait deauire les dAca- 
lages dans le temps des composantee provenant de parcours multiples, du cas le plus simple, 

Les calculs, par trajectographie, des taux de dispersion et des effets de polarisation pour 
les modiles d'ionosphere i stratification horizontale se revelent concorde*- raisonnablement avec les 
rAsultats d'observations. Lee dAlais de tesms, dans le cas des parcours multiples, que l'on obtient 
grace aux calculs de trajectogi aphie, a l'a»de d'un modele ionospherique comportant une perturbation 
itinArante concordent egalement avec la gasme de Uecalage temporals observes. 
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ABSTRACT 


lir pulses of submicrosecord duration, received at a range of 1500 km after a single ionospheric 
reflection from the E region, have been analyzed to study the effects imposed on the pulses by the 
propagation process. The pulses, which were transmitted as wave trains of quasi-Gaussian envelope, with 
about 0.3 psec. between half-power points, had a radiated spectrum (also of quasi-Gaussian shape) about 
3 MHz wide centered at 18 IIHz. Tijee pulses were transmitted at two-second intervals at the beginning of 
each minute during runs. Receiving systems with bandwidth:; ranging from 0.5 to 4 MHz were used to receive 
the reflected signals. The data were displayed on triggered oscilloscopes and recorded photographically. 
Observations were taken during daytime on about 20 days (usually in 4 or 5 day runs) during the period 
September 1969 to Larch 1970. 

The recorded pulses display a wide variation in form. One pulse characteristic is the pulse 
stretching attributable to ionospheric dispersion. Typically, for a 1 MHz receiver, the recorded pulse 
has a duration of about 15 pr.ee. Frequently the recorded pulses also display structure due to polarization 
splitting and to the reception of time-shifted wavetrains from multiple reflection points (multipath). 

Some results from the statistical analysis of a large number (n. 19,000) of pulses and the detailed 
analysis of a small number of individual pulses include; 

1) Occurrence distributions of pulse lengths yield effective ionospheric dispersion rates. This 
quantity is directly related to the information carrying capacity of the medium. 

2) Time series plots of pulse delay give the amplitude and period of changes in group path. The 
resolution of measuring group path length changes was about 1 psec. On this scale, a spectrum 
of variations due presumable to TIDs is observed even on the quietest days. 

3) Pulse characteristics typically do not change much on a time scale of a few seconds but often 
change markedly in a lew minutes. 

4) Detailed analysis of selected pulses showed that the time shifts of multipath tomponents could 
be derived for the simpler cases. 

Ray tracing computations of dispersion rates and polarization effects for horizontally stratified 
model ionospheres gave reasonable agreement with the observations. Multipath time delays obtained from 
ray-tracing computations using an ionospheric model with a TID perturbation are also in agreement with 
the range of observed time-shifts. 

1. INTRODUCTION 

for several decades, the most widely used method of probing the earth's ionosphere has involved 
the use of pulsed radio signals in the MV' and Hi" frequency ranges. The duration of the individual pulses 
used for ionospheric soundings has typically been ir. the range 20 to 100 psec. Pulse lengths of this 
range provide rc tsonably good resolution of the t ime required for the signal to travel to the ionosphere 
and back to the receiver (i.e., virtual height or. a conventional iouogram) and permit the use nf relatively 
narrow bandwidth receivers (i.e., a few tens of KHz), which in turn,, result in acceptable signal-to-noise 
ratios (of the returned signal) for transmitted peak pulse powers of a few kilowatts. The techniques for 
generating such pulses and recording the returned signals in the form of a conventional ionogram have long 
bee!) available. 


A lew year’s ago, workers at the Stanford Research Institute, (for a description of the system 
sec Kaneliakos, 1969), developed pulse transmitters capable of radiating eleccromagnetic pulses having 
durations of a fraction of s psec. and peak power of many megawatts. The frequency spectrum of these 
pulses typically peaks at some center frequency and is 2 to 3 KHz wide between the half-power points. 

The large peak power available, permits the use of wide bandwidth receivers (i.e., the returned power is 
sufficiently largo that interference from other transmitters within the bandpass can usually be overridden). 
Resolution in time is given approximately by /i/y,where y is the receiver- bandwidth; thus, a receiving 
bandwidth of i.i MHz will yield a time resolution of about 1 nsec. 


deals with ionospheric propagation effects on such pulses over a 1500 km east-west path 
e received pulses as a diagnostic in the stuly of travelling ionospheric disturbances. 


A number of workern, including Sollfrey (1966), Price (1968) and Instori (1969), have developed 
theoretical expressions for the propagation and reception of short pulses. He will use the elegant 
treatment due to Wait (1969) in discussing the subject. Hair assumes a Gaussian shaped envelope for the 
transmitted pulse (approximately tire actual shape), which implies a Gaussian shaped frequency spectral 
curve. In his formulation, 1.he time function of the pulse is represented as 


f (t) = F 


-a' ‘ 


no t 


( 1 ) 
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where F is an amplitude factor, w is the angular carrier frequency, and a is a damping coefficient. 

G O 


This leads to the expression 

F <w) = (itV i) exp [~@ J /(4a 1 )] , (2) 

for the frequency spectrum, whero @ - gj - gj . Wait goes on to assume a transfer function P(gj) for the 
dispersive propagation path which is approximated in the vicinity of g)^ by 

[■(ill) 3 | P(g) q ) | exp [ -i'!>(co)] , (3) 

where $(gi) = 4(io ) + (g>-gj ) $'(G) ) + 

o o O 

(gj-gi ) 2 0" (gj }/2 (U) 

o o 

The primes indicate derivatives with respect to U) evaluated at G) . In expression 4, 4>(u ) - G) T, 
where T is the "phase delay" of the propagation channel, <t> ’ (to ) = x is°the "group delay" and 
*"(gi ) = 1/(2W 2 ), where W is a "channel bandwidth". 0 8 

o 


To retain expressions which can be evaluated in closed form, but which are still physically 
realistic, a Gaussian receiver bandpass characteristic is assumed. The integral product, over all 
frequencies, of the spectrum of the source and the transfer functions of the propagation channel and the 
receiver channel, yields the detected transient signal to be expected from the receivers; 


f(t) 



(5) 


where K is the product of the constant terms and y is the receiver bandwidth. The first part of 
expression 5 gives the phase delay component while the second gives the group delay effect which includes 
stretching of the modulation envelope cf the pulse. A pulse duration is defined by setting the second 
exponential of expression 5 equal to r ^ 

exp |j— (t - T ) 2 /< >1, where 


= + p) + (b + t 2 ) 


( 6 ) 


The stretching of a wideband pulse can be visualized from a conventional ionogram. The change in 
virtual height over an appropriate frequency range, (say, 1 MHz), represents a corresponding change in 
group delay. Obviously, for a very short pulse, all of the frequency components are transmitted 
essentially simultaneously, but because they travel slightly different paths the different frequency 
components are separated in time as they arrive at the receiver. The treatment by Wait assumes linear 
dispersion, i.e., phase variations to the second order are included. The experimental data include many 
examples which indicate that this condition is often satisfied. Figure 1 shows a received pulse typical 
of quiet propagation conditions. The upper trace is a record of the RF signal received at 18 MHz while 
the lower trace is the output of an IF channel with center frequency at 2 MHz and bandwidth 2 MHz. The 
RF signal is mixed with a local oscillator offset 2 MHz from the RF center frequency and the difference 
frequency fed to the IF channel. The IF recording shows clearly the earlier arrival, of the lower 
frequency components of the signal, followed by progressively higher frequencies. The oscilloscope trace 
lasts a total of 50 ysec. and the pulse has a duration of about 15 ysec. 

On the other hand a sizable fraction of the data exhibit more complex behavior which indicates that 
the dispersion is not simple. There are two principal ways the assumption of a simple linear dispersion 
can be violated. One of these is when the group delay versus frequency relationship is nonlinear, and 
the other is when the medium exhibits multiple refringence. The best known source of birefringence is the 
polarization splitting of the signal into the ordinary and extraordinary modes. A second source is the 
presence of spatial structure which permits multiple paths for the energy to travel from the transmitter 
to the receiver. An analogous situation to the latter case is viewing the sun or other source of light 
reflected in a body of water. If the water is sufficiently calm, a single image of the light source in 
reflected, but if turbulence or waves are present, the image is seen as glints which spread over a larger 
area as the turbulence increases. 

Our concern in this paper is primarily in the more complex received dara which we believe often 
attributable to the presence of travelling ionospheric disturbances (TIDs). Analytical models of the 
TIDs are used to compute anticipated effects on short pulses which are then compared to the types of 
effects observed. 

2. DESCRIPTION OF THE EXPERIMENT 

During 1969 and 1970, the Space Disturbances laboratory of the National Oceanic and Atmospheric 
Administration's (NOAA) Environmental Research Laboratories, and the Stanford Research Institute (SRI), 
conducted a cooperative experiment to study the oblique, one-hop HE path from Palo Alto, California, to 
Boulder, Colorado, a distance of approximately 1500 km. SRI transmitted a series of subuicrosecond 
pulses at a center frequency of 18 MHz. The transmitted pulse was roughly Gaussian in shape with peak 
power of tens of megawatts. It had a total duration of approximately .S nsec, and a spectrum with a 
fairly flat peak and fast roll-offs at about 1 MHz on either side of the center frequency (Kanellakos, 
1969). According to a prearranged schedule, three pulses, spaced 2 sec apart, were sent at the beginning 
of each minute. The pulses were sent during daylight hours for periods of several consecutive days in 
September and November 1969 and January, February and March 1970. 
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At Bou.ldur, Colorado, aavoral wideband repeivers and triggered oscilloscopes were synchronized with 
the transmionions, urid the ionospheriealiy reflected pulses |Were recorded on 35-mm flXm for'later analysis. 
During the course of the experiment, five different bandwidths (O.S, 1, 1.5, 2, and 4 MHz) were used to 
receive tho pulses. Data from each of these tiandwidths have been scaled and analyzed, but the majority 
of the analysis has been done on the 0.5 MHz bandwidth data. This bandwidth was better suited to analysis 
because Interference from 3trrong CW signals was less of a problem than on tho widqr bandwidth channels. . 

Several antentin configurations were employed during the course of the experiment. The pulses were 
at first received on a sloping-V antenna,' However, early in the experiment it: became clear 1 that the 
received pulses wera often distorted duo tc Interference between the Ordinary (0) arid Extraordinary (X) 
modes of propagation. Two log periodic antennas were then mounted in the configuration described by 
Lomasney, ot ml. (1370) so that the incoming signals on both antennas could be summed or differenced to 
yield an 0- or X-mode circularly polarlied cutout signal. The effect of these antennas on a CHIRP- 
lonosonde signal which was propagated over the same path (Palo Alto-Boulder), is seer) in figure 2. Both 
inodes of the high (Pederson) ray are present for the linear antennas but the summed antennas effectively 
reject the X-modo. Figure 3 shows the effect of antenna configuration on a pulse. In each section, the 
upper trace is an I'M representation (the vertical scale is proportionil to instantaneous frequency) of 
the pulse; the full width of the oscilloscope trace is again 50 jjsec. The beating due to interference 
between the two modes is pronounced ou the linear Anrennas 1 but esupntialiy disappears for the polarized 
case. 

The scaling procedure used for the data is illustrated pti figure 4, This pulse was transmitted from 
Palo Alto on November 13, 1963, at 2045:00 UT, and was received at Boulder several milliseconds .later,with 
a Slopc-V antenna and a 1.5 MHz bandwidth receiver' centered at the transmission frequency of 18 MHz. All 
of the data frames, which were recorded on 35-rnm film, were enlarged by .11 to 1 and printed by a zerox, 
process for easier and more accurate scaling. Four values were scaled from each data frame; the tiipe the 
pulse began and ended,,the pulse amplitude, and the background interference amplitude. The scaled values, 
along with identification and pertinent station log,information were punched onto computer cards and 
eventually written onto magnetic tape for ease of processing. Station time at both the transmitter and 
receiver sites was maintained to within a few usee, so the total travel time of the pulse could be 
measursd very accurately. The relative pulse delays wore obtained from the data frames by measuring the 
time from the beginning of the osciiloscooe trace to the beginning of the pulse. Adjustments to the scope 
trigger were made as needed to keep the pulse centered, and these adjustments were included in the data 
processing procedure. 

i 

The dispersive character of tne ionosphere is responsible for the lengthening of a sub-psec. pulse 
into a signal which is typically several jjs&c. in duration. In figure 4, the pulse was dispersed to 
approximately. 12 psoc. Solving equation 6 for tho,"channel bandwidth" of »he propagation path gives 

H = {^d - (5* + r)J (s* + 7 *)}, (7) 

For the pulse of figure 4, a is taken as 2x10*' Hz and y is 1.5x10* Hz, with tile result that W = 0,35 MHz., 

A further result given by Wait yields tne receiver bandwidth which will produce the shortest duration 
pulse; , 1 , ' ■ i 

Y 0 = [(1/W 2 ) - (1/a 2 )] 

If a » W, then obviously, y = K, i o., for a wide bandwidth source, the receiver bandwidth should equal 
the "channel bandwidth", if ^ho shortest pulse possible is desired. 1 i 

3. ANALYSIS AMD RESULTS 1 


There were three major data periods of 3 to 5 days each during which data were analyzed. These 
were November 1969, and January arid February 1970. This represents 54 hours of transmission, 70 percent 
of which has been scaled. In all, approximately 19,000 pulses were hand-scaled and used for the 
fcllowing analysis. A fourth transmission period was scheduled during the March 7, 1970 eclipse. The 
latter data have been subjected to extensive analysis and the detailed results have been reported by 
Lerfald, et. al. (1972). These results are summarized in section■3.2. 

figure 5 summarizes the pulse-length information for the three data periods; The November data 
were received at 1.5 MHz, so using equation 7, a lO-psec. pulse length implies a "channel bandwidth" ofj 
.35 MHz. The January and February data were scaled from the 0.5 MHz bandwidth receiver and, therefore, 

10 psec. of pul3e length implies a "channel bandwidth" of .22 Mtjx. 

Examination of the data showed that the ionosphere was reasonably stable over a few seconds of 
time. Therefore, tne data points from the three pulses per minute were averaged, which reduced random 
scaling errors and allowed for simplified data display. In .figure C, the 1-rnin. averages of pulse delays 
and pulse endings have been plotted for November L0. The pulse length is represented by the vertical bar, 
and the vertical scale is 300 psec. This type of plot was imude for all data scaled. Thirty Msec. of 
pulse delay corresponds tc a change of 10 Pm of virtual reflection height. Periods of missing data are 
due to equipment difficulties, or loss of signal. 

3.1 T1D EFFECTS 

The variations of pulse delay on Novenbpr 10, 1969 with periods of about 30 minutes seen in 
figure u, are typical of "“ravelling ionospheric disturbances (TID). Also during this time period pulse 
lengths began small (5-10 Msec.). but later approached 30 Msec, iri length. Long py 1 ses are more difficult 
to analyze because they- generally have a great deal of internal structure and because it is more difficult 
to keep ti em or; scope. (Data are not plotted when the beginning or the end of the pulse drifts off scope.) 
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figure 7 shows data taken 4 days later. The characteristics are similar to the November 10 data, 
but with generally longer pulse lengths. For both of these days, there were no observed aolai tiara* and 
no SID activity. 

In figures 8 and 9, the Doulder magnetograms for these 2 days nre shown. November .10 Is fairly 
disturbed; the Kp Indices are mostly In the range 4 to 5 with a 6- from 1500 to 1400, but: on November 14, 
the magnetic field was extremely quiet. Since the pulse data for these 7 days are very similar, thare in 
no apparent, correlation of pulse data parameters with the Boulder magnetic field for mild or moderately 
disturbed conditions. Tho largest pulse delay changes observed were recorded on February 18, 1970 and 
are shown In figure 10. Here, the pulse data are displayed in the same way as the November data. The 
added points with the connecting solid line show relative group delay at 18 MHz scaled ivom the CHIRP 
ionosonde system which ran concurrently with the pulse system on this day. The feature of interest is the 
excursion during which the pulses were not tracked. E-layer Dopp.ler records from Longhranch, Illinois to 
Boulder, Colorado, show no similar feature on this day. Vertical ionograms from Stanford, California, 

Pt. Arguello, California, Boulder, Colorado, and White Sands, New Mexico, were scaled in an attempt to 
trace the direction and velocity of this feature, but poor time resolution (only 1 polnt/15 min.) limited 
the usefulness of this information. However, during these times, Faraday rotation data flora ATS-1 were 
being collected by Drs. A.V. da Rosa and Michael Davis of Stanford University and Dr. IVod Smith of 
Colorado State University and were kindly made available to us. 

These data were processed to remove diurnal trends, and are shown in figure 11. By superimposing r(, e 
pulse and satellite data, the feature was identified at the times listed in table 1. Satellite data 
maxima correspond to the pulse delay minimum because increasing Faraday rotations imply increasing total 
columnar electron content and, therefore, decreasing pulse travel times. 

Assuming a plane wave front advancing uniformly, the disturbance came from the southeast (M15fl°E) at 
approximately 40 m/sec. Realistically, TID's do not propagate uniformly but are effected by local winds 
at the height of propagation. Also, the feature identification on the ATS-X Ft. Collins path is not as 
positive as for the Stanford path. The origin of the disturbance is unknown, especially considering the 
lack of general magnetic activity and the apparent direction of propagation. Work to trace the origin to 
the troposphere was inconclusive. The basis for this effort was a papei entitled "Jetstream Activity 
Detected as Wave-like Disturbances at Mid-Latitude Ionospheric F-Region Heights", by G. B. Goe (1971). 

To our knowledge there were no major natural or unnatural catastrophic events which might nave triggered 
this disturbance. 


Table 1. Arrival Times for the TXD 
of February 18, 1979. 


Path 

Location 

Time of Maximum 
Faraday Rr.tation(UT) 

Stanford-Boulder 
pulse midpoint 

39°0S'N, 113°52'W 

1900 

ATS-l-Stanford 
(300 km alt.) 

34°35'N, 125°W 

1840 

ATS-l-FT. Collins 
(300 km alt.) 

37°26'N, 110°15'W 

.1700 


3.2 SOLAR ECLIPSE DATA 

Experimental radio sounding data collected on March 7, 1970 have been analyzed with primary interest 
in detecting any travelling ionospheric disturbances generated by the solar eclipse of that day, as 
postulated by Chimonas and Hines (1970). Data were obtained from the short pulse experiment and two 
oblique and four vertical incidence ionospheric sounders operating during a ti-8 hour daytime period 
centered on the solar eclipse. In addition to the Palo Alto-Boulder CHIRP sounder, a CHIRP system wan 
operated by the Stanford Research Institute between Bearden, Arkansas arid Los Banos, California. 

Geographic locations of the sounders and of the oblique path midpoints are shown in figure 17. 

Relative delay times at various frequencies were scaled from the oblique ionograms at 1 irr'pute 
(Palo Alto-Boulder) and 2 minute (Bearden-Los Banos) intervals. These data were then processed by a 
digital computer ajjd plotted by a CRT plotter. Figure 13 is an example of these scaled CHIRP ionograms for 
the Beardan-Los Banos path, where relative group delay is plotted versus time for several frequencies. 

The extraordinary mode on vertical ionosonde data from Boulder, Colorado; White Sands, New Mexico; Point 
Arguello, California; and Mexico City, Mexico was similarly analysed. 

Data from the short pulse experiment are presented in figure 14, which shows the variation of the 
starting times of the received pulses relative to time of transmission of the pulses (dashed curve) and 
the duration of individual pulses (solid curve) in psec. The solid curve shews several peaks in the pulse 
length parameter. These coincide with times when the pulse delay is tending toward a maximum and may be 
indicative of multipath conditions which are likely to occur when the reflection region is in the "rarefied" 
portion of a pressure wave travelling approximately perpendicular to the ray path. At such times, rays which 
leave the transmitter at azimuth angles slightly off the great circle path to the receiver, may be 
refracted sufficiently to cause focusing and pulse lengthening. Displacement of the peaks in pulse length 
with respect to the corresponding peaks in times of pulse starts in qualitatively consistent with tilts 
in the isoelectronic contours within a travelling disturbance. 



iflimr 1 ". 
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Partial ol ucuravion of th* »ol«r disc during the eclipse reduces the ionizing radiation flux and 
thin will usually result in a reduction In electron concentration at any specific height. For example, 
at Mexico city, on 9 MHz, a 100 km virtual height increase peaks at 1755 GMT, about 25 minutes after 
maximum obscuration. At the northern stations, where thin ©fleet will be lass, changes in reflection 
heights related to the eclipse shadow are masked by other disturbances. 

Study of the sounder data at the several stations indicates that Tills travelling in a generally 
north-to-south direction were present between 1600 and 1030 CMT. Passage of a TIT) is manifest on the 
Boulder (1614 GMT) and Point Arguello (1628 GMT) ionograms by "forked" satellite traces. The peak arrival 
times are consistent with a wave travelling at 400 m/sec. from an azimuth about 355 degrees (east of north). 

Chi.tonas and Hines (1970) predicted focusing of different bow wave rompone ts, from the postulated 
TID, near California just after 1900 GMT. Generally in our data between 1830 and .1920 GMT there are 
only small scale fluctuations with a gradual decay In virtual height which coincides with the uncovering 
of th© sun. Exceptions to this statement are the oscillations in the Palo Alto to Boulder data from 1900 
to 2000 GMT which might have resulted from continuation of the Tibs observed earlier. Also, at 3oulder a 
30 km virtual height increase at 1025 GMT does not appear elsewhere. Hence, there Ls no evidence of an 
eclipse induced Till d'uring the 1830-1920 period. 

Between 1930 and 2030 a disturbance with a generally cast-to-west direction of travel was observed. 
The direction of arrival Is 60-70° away from that predicted for ar. idealized bow wave generated by the 
moving eclipse shadow (M49° east of north). The difference could aris.e from tht assumptions about the 
propagation of the postulated disturbance from the eclipse path to the observing sites, or ar, eclipse- 
generated disturbance could suffer interference from other travelling disturbances to give a modified 
apparent direction of travel. Based on our data it is not possible to attribute conclusively this Til) 
to the eclipse. 

3.3 CORRELATION STUDIES 

To check the dependence of pulse delay, length, amplitude, and background amplitude on each other, 
and on solar renlth angle, cross-correlation studios were done for six selected .intervals of data 
encompassing approximately 16 hours of data. The data were selected to exclude periods during which the 
receiver gain c: center frequency were changed. For every case, the two quantities being correlated were 
also comouter ,-lotted with one as a function of the other. After inspecting the plots for non-zero time 
lugs and the appropriateness of linear correlation, more sophisticated correlation techniques were 
dc.emvd unnecessary. 

Pulse delay end the rate of change of pulse delay were shown to be uncorrelated with pulse length 
for the cases tried. However, ore can construct specific cases for which the ionospheric dispersion is 
nonlinear over a small interval of frequency. Then, increasing dispersion!i.e., pulse length) and 
increasing path length would be correlated. 

Pulse delay and pulse length were interpreted as uncorrelated with pulse and background amplitude. 

An apparent slightly positive mathematical result between pulse delay and background amplitude, and pulse 
length, pul3e, and background amplitudes is attributable to a bias in the scaling procedure. If a pulse 
uas a large signal to noise ratio the scaler is able to determine more accurately the time of pulse start 
and end. 

The experimental conditions were such that the measurements were conducted between the hours 17 00 
IT (10:00 a.m , KST) and '1400 UT (5:00 p.m., MET). Therefore, the solar elevation at the path midpoint 
ranged from a high near 42° ip February to a lot; near 5° in November. The correlation computations shot; 
no strong dependencies among the variables, but pulse delay was always positively correlated with solar- 
elevation angle and pulse length was geiiera.Uy negatively correlated. Pulse amplitudes were uncorrelatfcd 
with solar elevation, but background amplitude correlations fluctuated from case to case and showed a wide 
range of values. Apparently the noise sources were variable and external to experimental parameters. 

Figures 15 and 16 show frequencies of pulses spaced by one minute intervals in time. Pulse durations and 
neak amplitudes remain fairly constant in each sequence, but there is considerable complexity in the 
detailed structure of each pulse. We believe that the modulation seen within these pulses is the result 
of time-shifted wavetrains (cue to multiple reflection points in the ionosphere) which interfere with one 
another when mixed !r. the receiver. From figure 15, two multipath components with group delays differing 
by about 3 |:cec. and a third component displaced in time by 12-15 psec. are implied. 

These type of data tend to occur during tines when other evidence indicates the passage of Tibs. 
Computations of expected multipath effects using ray tracing through reasonable TID models are described 
in tne next section of this report with results that support the magnitudes of multipath time-shifts 
observed on the pulse data. 

4. RAY-TRACE bTUB i.G5 

The purpose rf this study was to investigate the temporal relationships between various homed 
multipath components of a monociiro-ratic signal propagated through a travelling disturbance. For this study 
the ionospheric electron density model consisted of an a-Chuprnan layer on a curved earth with no magnetic 
field and no collisions, but with a perturbation consisting of a "gravr y-wave" irregularity travelling 
from the north to the south. The electron density, N, is given hy 

N * N (ItA) 
o 

A - o (exp- (K-P -2 )/H 1 * cos2tt( t' + (tr/2-8)H /X 

v o o ox 

(R-* 0 VA z >. 





Th« earth's radius lo R ; R, 0, are earth-centered spherical coord inntes, N U (R, 0. <{>) la the 
rt-Chapman electron density mcdSl. The perturbation. A, (via a Gaussian amplitude distribution about 
height Z , and vertical and horizontal wavelengths X, and \ , respectively. An example of propagation 
near vertical Incidence Into a TID with a 100 km horfzontal X waveleiigth la shown In figure 17. 

Model studies for the nonhoroogeneouu Ionosphere were based on a three-dimensional ray-tracing 
program developed by R. M. Jones (1900), This computer program calculated ray paths through a medium 
whoso index of refraction varies in three dimensions. Six differential equations similar to those 
described by Haselgrovo (.1954) aro numerically integrated. Additional differential equations are 
integrated which supply supplemental information such as a group path, phase path, absorption, and 
Doppler shift. 

Some general properties of HF propagation tlirough travelling disturbances are illustrated in 
the next two figures. Figure 18 is a ground projection of rays transmitted at a constant elevation angle 
and swept tlirough a small range of azimuth angles. It shows the variations in range and final azimuth 
that can occur when propagating through an irregularity. 

Figure 19 illustrates a number of points. In both figures the dashed line represents calculations 
from a concentric ionosphere and the solid curves represent calculations for a wave model with a 
..orizontal wavelength of 100 km. Both are for a frequency of 17 MHz. The solid range-elevation curve on 
the left shows elevation focusing and defect sing. Focusing occurs when the rate of change of range with 
respect to elevation angle is small. This corresponds to reflection from concave portions of isoionic 
contours. 

The curve on the right shows the variations in the azimuth of the landing point with respect to the 
transmitted azimuth for a constant elevation angle, 6. Analogous to elevation focusing, azimuthal 
focusing takes place when rays transmitted at different azimuth angles land at the same azimuth from the 
transmitter. 

This plot permits determination of whether or not multipath focusing is possible for any set of 
ray trace parameters. If the solid curve contains only inflection points and no local minima, no multipath 
focusing is possible. This will happen when the ray does not penetrate very far into the disturbed region 
or when the TID wavelength is very long. In either case the horizontal gradients in electron density 
at reflection heights are not great enough to permit azimuthal focusing. 

Even when azimuthal focusing does exist, however, the range at which these rays land is usually 
different from each other. By varying the elevations we can construct a family of curves in the G, (J) 
plane as shown in figure 20. The sweep of elevation angles is made large enough to include the homing 
range, if it exists, at any particular landing azimuth. Since the ray tracing program does not have a 
homing feature, a procedure was developed to scan through a range of azimuth and elevation angles and ray 
path parameters such as range, group and phase path, and azimuth and elevation deviations were computed 
and then output onto punched cards. Using these data, homing on a given range and azimuth is accomplished 
using a Lagrangian interpolation scheme. 

Calculations were restricted to nearly east-west propagation at 18 MHz and a homing range of 1500 
km. These parameters are approximately those of the short pulse experiment. The a-Chapman model 
parameters used in the ray trace study were f = 8 MHz, H = 250 km, scale height = 62 km. The MUF 
with this model at a range of 1500 is about 22 c MHz, which is near the observed MUF during midday. All 
TID models used had the maximum wave amplitude at a height of 250 km and a vertical wavelength of 100 km. 
Horizontal wavelengths of 50, .100, and 300 km have been used with 10 and 15 percent wave amplitude 
perturbations. 

For a model TID with 50 km wavelength and 10 percent perturbation the group path variations between 
the different homed rays range from 4 to 18 km which corresponds to group delay variations of from 12 to 
over 50 microseconds. Rays were homed over elevation and azimuth ranges of 1 and 3 degrees, respectively. 
For the model parameters used the reflection heights are in the 160-170 km range. With the height of 
maximum wave amplitude at 250 km the wave perturbation at the 165 km level is around 4 percent. Even 
though this is large enough for multipath focusing from the 50 km TID with a 10 percent perturbation it is 
not the case for irregularities with horizontal wavelengths greater than about .100 km. 

For a TID with a 100 km horizontal wavelength and a 15 percent perturbation amplitude we obtained 
multipath focusing with ranges of delay time, azimuth and elevation angles of up to 80 Usee., 6 and 3 
degrees, respectively. No multipath focusing was obtained for a TID with a 300 km horizontal wavelength 
and a 15 percent perturbation amplitude. 

5. CONCLUSIONS 

The following conclusions are drawn from the analysis and interpretation of the data described 

above: 

(1) The use of very short HF pulses to study ionospheric propagation provides unique information 
on the propagation mechanisms. The method provides a physical analog to the powerful 
mathematical technique of using delta function analysis of a frequency-dependent system. 

(2) At times the ionospheric response exhibits in a textbook manner the expected behavior based on 
magnetoionic theory. This is true for the effects of dispersion and magnetoionic splitting 
of the signal into the ordinary and extra-ordinary modes. 

(3) For the 1500-km ranee, polarized antennas can be used to reiect one of the circularly 
polarized nodes with sufficient efficiency to eliminate an appreciable fraction of the effect 
of magnetoionic splitting. This may not be the case for larger ranges where the signal 
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arrives with very small elevation angles. 

(4) During an appreciable fraction of the total observing time, the pulse signals exhibit complex 
behavior which is not explainable by the classical propagation effects tlirough a smooth 
ionosphere. Analysis results point to spatial nonhomogenlety in the ionosphere as being 
responsible for small-scale multipath effects which can account for the complex behavior 
observed. The longest continuous period of complicated pulse structure occurred on 
February 13, 1970, accompanying the passage of travelling ionospheric disturbances of 
unusually large amplitude (virtual height changes of approximately 60 km peak to peak). 
However, the nonhomogeneitins were net severe enough to appear as "Spread F" on the concurrent 
CHIPP ionograms. This is not surprising because the pulse technique is capable of detecting 
much smaller changes than can be resolved on an ionogram record. 

(5) Ray-trracing calculations through model ionospheres having idealized wave-like structure yield 
the result that the multipath delays can be accounted for by reasonable parameters of the said 
model. 

(6) The implication to communications which propagate through the ionosphere is that ionospheric 
nonhomogeneities will very likely be the limiting factor in data-b.it rates and phase delays 
even at much higher frequencies than HF. It is, therefore, important to advance our knowledge 
and understanding of th~. irregular structure in the ionosphere and the effect such structure 
has on signals propagating through the medium. 
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Figure 4 Example of HF pulse received at Boulder, Colo, from Palo Alto, Calif. (haSOO km) 



Figure 5 


Histograms sticking the distribution of pulse lengths for experimental data. 
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Figure 6 

Pulse delay and length for November 

10, 1969. 
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Figure 7 


Pulse delay and length for November 14, 1969. 
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Figure 10 Pulse delay end length and CHIRP scalings for February 18, 1970. 



1 ATS-1 satellite Faraday rotation angles vs. time as measured at Stanford, Calif, and 

Ft. Collins, Colo. Arrows denote the feature of interest. 
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Figure 12 Location of vortical incidence sounders and oblique path midpoints in southwestern USA. 
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Figure 16 Example of consecutive pulses propagated through a complex ionosphere (Nov. 14, 19f>9). 
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Figure 17 


An example of near vertical propagation into an ionosphere with a gravity wave perturbation 
as described in the text. 
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Figure 18 Projection of ea3t-west propagation onto the ground plane for an east-west aligned irreg' lar 

ionosphere. 



Figure 19 (Courtesy of T.H. Georges and J.J. Stephenson). Distortion of a ranga-elevation diagram 

(left) and a landing point azimuth-transmission azimuth diagram (right) in the presence of 
travelling disturbances. 
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Figure 20 


diagrams parametric in elevation angle. Interpolation is made for a conrLant azimuth 
of landing point over the elevation angles to obtain a. given homing range. 
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PERTURBATIONS IONOSPHERIQUES ITINERANTES ENGENDREES PAR DES EXPLOSIONS 
NUCLEAIRES A FAIBLE ALTITUDE 


par 

W, Stoffregen 


SCMMAIRE 


A la suite da deux importantes explosions nuclAaireB ayant eu lieu A hovaya Zealya, respec- 
tivement les 23 et 31 octobre 19Sl, on enregistra au-dessuo de la Scandinavie des perturbations 
ionosphSriques se dfplagant A une vitcsse maximale de « 630 m/s, Les perturbations affectant 1'io¬ 
nosphere Ataient particuliArernent marquees dans la region F, eosne le rbvSlent les ionogrammes et 
les profils hauteur rtelle. Lorsque la preraiAre onde arrive, on observa une augmentation spontanSe 
de la hauteur de la coucbe F-2, auivie d'un fractionnemrnt de la couche F, et d'une phase plus lente 
de retour A la normale, Au niveau E, une couche E sporadique apparut evec un certain dAlai, et i'io- 
nisation de la region D s'accrut au cours de deux courtes pAriodes, avec un retard d'une heure envi¬ 
ron par rapport A la perturbation de la couche F, On peut expliqusr les dSlais survenant entre les 
perturbations aux diffArents niveaux de 1'ionosphere grace aux rAsultats d'Atudes, par trajectogra- 
phie, de la propagation des ondea acoustiques at de gravity. 
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TRAVELLING IO NOS PHERIC DISTURBAN CES INITIA TED 
BY LOW-A LTI TUDE NUCLEAR EXPLOSIO NS 


W. Stoffregqn 

Uppsala Ionospheric Observatory 
S-755 90 Uppsala, Sweden 


SUMMARY 


After the two large nuclear explosions at Novaya Zemlya on October 23 and 30, 1961, 
ionospheric disturbances travelling with a maximum velocity of =630 m/s were recorded over 
the Scandinavian area. The disturbances in the ionosphere were most pronounced in the F- 
region, as is evident from the ionograms and real-height profiles. When the first wave 
arrived, a spontaneous increase of the height of th. F2-layer was observed, followed by 
splitting of the F-layer and a slower phase of recovery. At the E-level, a sporadic E- 
layer occurred with some delay and the D-region ionization increased during two short 
periods with a delay of about one hour with respect to the disturbance in the F-layer. The 
time delay of the disturbances at different levels of the ionosphere can be explained by 
the results of ray-tracing studies of the propagation of acoustic gravity waves. 

1. INTRODUCTION 

In the course of the series of nuclear tests at Novaya Zemlya during 196l> the 
influence on the ionosphere was studied at the observatories at Kiruna, Lycksele and Upp¬ 
sala by making vertical ionospheric soundings. The distances between the test area and 
these observatories are approximately 1300 km, 1650 km and 2100 km respectively. Some 
interesting records were also obtained from the l6.8-MHz backscatter sounder, operating 
at Uppsala. The 16 -mm backscatter film records are converted into diagrams which show the 
travelling disturbances in a concentrated manner. The results of both the vertical and 
the oblique soundings have been assembled in a report (STQFFREGEN, W., 1962). The aim of 
this paper is to summarise briefly the main results, including real-height, profiles 
produced more recently, and to discuss the time difference between the disturbances 
observed at different levels in the ionosphere. 

2. OBSERVATION OF IONOSPHERIC DISTURBANCES 

2.1 Vertical soundings 

The large nuclear explosion of October 30 at =0933 hours gave rise to violent 
disturbances in the ionosphere, which were observable at great distances. At Lycksele, 
=1650 km away from the detonation area, ionospheric records were made at 3-minute 
intervals. The records, assembled in Fig. 38-1, show a number of interesting details. The 
whole structure of the ionosphere from the D- to the F-region was changed during two 
successive periods. At Kiruna and at Uppsala a similar behaviour of the ionosrhere was 
observed. The following sequences of events during the overhead passage of the w are 

of special interest: 

a) The F2-layer showed a '.ery pronounced division near 3.5 MHz at 1010. At the 
time the layer rapidly moved upwards. This effect is seen even better or. the reco'.u ut, 
1146-1058, when the second wave arrived at the position of Lycksele. At that time the 
layer was split into two levels similar to the formation of an FI- and F2-layer. Cusps 
going up to a virtual height of about 700 km are seen on the records between 1128-1134 
and at 1246, indicating strong vertical motions. A remarkable destruction of the F-layer 
was observed during 1122 - 1207 , i.e. after the passage of the first and the second waves. 

b) At the level of about 100 km, a sudden increase of the critical frequency of an 
Es-layer was observed at 1016. After 1046, the critical frequency cf a slightly higher 
Es-layer increased and remained for a longer time, except for two short periods of 
absorption due to D-layer ionization. 

c) Increased ionization in the D-region was observed during two short periods, as is 
evident from the increase of f-min. The two periods appear at 1058-1110 and 1218-1231. 

Real-height profiles and plots of the height of the F-layer are shown in Fig. 38-2. 
The two drastic changes of the profiles to higher levels at 1010 and at 1052 indicate the 
arrival of the wave fronts overhead. The height variations seen on the plot to the right 
show the steep increase at that time. The profiles further demonstrate the descent of the 
F2-layer to a rather low level at 1028 before the recovery to a nearly normal profile at 
1034 and 1040. In the lower part of the figure to the right, the increase of ionization 
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in the E- and D-region is shown. The Es ionization increases about 1)0 minutes later than 
the first disturbance at the F2-height. In the D-region the corresponding delay is about 
■50 minutes. The phase in which the F-layer was greatly distorted is marked in the figure 
as "spread reflections". 


2.2 Backscatter records 

The backscatter sounder at Uppsala, which operates on 16.8 MHz, produces one 
picture each minute on 16-mm film. Travelling disturbances can easily be detected, when 
the ionization in the F-layer is just great enough to obtain oblique incident reflections 
at this frequency. During October 30, 1961, the ionization was slightly below this limit, 
and henc.e the pattern visible on the screen indicated such reflections only, which were 
associated with the travelling waves initiated by the explosion. To the left of Fig. 38-3, 
a number of the records have been redrawn. Because of the skip distance, which in this 
actual case was =1000 km, the pattern moves around the centre of the screen from NE. to 
SW. (1051-1111). The information from this film has been converted into diagrams B and C, 
in order to show the waves more clearly. The ionospheric conditions were more favourable 
during October 23. The travelling disturbances caused by the nuclear explosion at 0930 
are indicated by arrows to distinguish them from other reflections. In diagrams 3 and C, 
the waves can be followed through the different sectors from N. to S. It appears also 
that the waves are longer to the south than at their first appearance in the northern 
sector. The notations a and b show that the drastic change of the height of the F-layer 
is still very pronounced at a distance of =3500 km from the source. Diagram C is a good 
example of how travelling waves observed by a backscatter sounder can easily be detected. 
In fact, similar waves of an other origin have been studied in this way. 

3. DISCUSSION OF THE OBSERVATIONS 


The large-scale disturbances in the ionosphere resulting from low-altitude nuclear 
detonations are interpreted as a secondary effect of the acoustic gravity waves, which are 
generated by the explosion. It is suggested that the coupling between these waves and the 
ionized medium is due to collisions. The plasma-density changes recorded by .ionosondes 
thus give information on the periods and the velocity of the acoustic gravity waves. Of 
special interest is the time delay of the perturbances at lower levels in the ionosphere. 
These details are not yet fully understood and are still the subject of study. It seems, 
however, that ray-tracing of the motion of shock waves up to ionospheric heights may 
explain the different behaviour in the F2-, E- and D-layers. Backscatter records 
demonstrate the motion of the travelling waves in one preferred direction only, because 
of the aspect sensitivity of the reflection area. Since the waves from the source 
propagate in all directions, the records may include certain reflections originating from 
discontinuities somewhat aside from the main direction. This ha3 to be taken into account 
in the analysis of the records. 

4. GENERAL INFORMATION 

4.1 Reference 

STOFFREGEN, W., 1962, "Jonosfiirstdrningar observerade i samband med kSrnladdnings- 
prov vid Novaja Semlja den 23 och 30 oktober 1961", Report No. 10, Uppsala Ionospheric 
Observatory (in Swedish). 
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F;g.2 To the left: real-height profiles, showing the change of electron distribution during two successive passages 

of acoustic gravity waves. 

To the right: virtual-height variations at four different frequencies. Notation of the times, 
when disturbances are recorded in the Es- and D-level. 
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Fig.4 ( 2 ) Backscatter records of ionospheric waves, recorded on October 30, 196!. 

(b) and (c) Diagrams showing the travelling disturbances in different sectors of the PPI screen. 
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1.A PERTURBATION lONOSPHERIQUE DUE AUX ONDES ACOUSTIOUES ET I>£ 
GRAV1TE CREEES PAR UNE EXPLOSION NUCLEAIRE AU SOL DE 100 KT A 2000 KT 
OBSERVEE ENTRE 150 ET 1000 KM DU POINT DE 7IR 

par 

P. Halley 
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IONOSRKRIC DISTURBANCES GEN1 RATED BY ACOUSTIC-GRAVITY WAVES 
RESULTING WCfc A IOC ,'T TO ? OCX, XT NJCLEAR EXPLOSION ON Tip; GROUND. 
OBSERVED AT POINTS LOCATED BETWEEN 150 AMI 1 000 M FROM HE PIPING SITE 


try 

P.M. Halley 


SCMMAIRE 


During french nuclear experiences in Polynesia, travelling ionospheric disturbances vere 
observed, end their impact on high frequency band propagation, essentially in the magnetic meridian 
plane of the firing site, vaa inveatigated. 

Various recordings of Doppler effect frequency shifts, end of vertical or oblique sounding, 
for firing powers ranging from 100 kt to approximately 2 000 kt, ere presented. 

Such recordings are interpreted as exhibiting mainly tve disturbance components : 

i) A rapid component which is a thermospheric wave whose instantaneous speed is approximately 
720 m/s at • horizontal distance of 290 km, and then diminishes as the distance increases. 
This oscillation wave nay appear at a very great distance, where it? velocity alrrays 
exceeds *t00 a/s. Its frequency spectrum inclides : on the one hand, an acountic portion 
whose Min period tends towards T , the upper limit imposed by atmospheric filtering ; 
on the other hand, an acoustic-gravity portion with a main period tending towards T /cos * 
uid, for high energies, a period tending towards T , which is Brunt-Vaisalfi period fit the 
point of observation, ® 

ii) A low component which could be a ground wave or a guided ware, whose velocity is about cons¬ 
tant, and of the order of .105 m^s, This wave rises up to ionospheric altitudes, where it be¬ 
comes superimposed on the thermospheric wave. It is essentially revecled by oblique echoes 
on a single and travelling flexure of the surfaces of equal density. It seema to diminish 
more rapidly than the thermospheric wave. 

These obxervatione are correlated with the results of the linearized theory in a non-iso- 
thermal atmosphere (numerical applicati ns). 

The impact of such a disturbance or. oblique propagation and the resulting impairment of te¬ 
lecommunication possibilities are discussed. 

An approximate representation of thi.i disturbance in the V reg.on, between 150 and 1 000 km 
around the vortical line of fire, is attempted. 
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NTN-LINEAR PROPAGATION AM) IONOSPHERIC COUPLING OF ATMOSPHERIC 
N3N LINEAR NJCLEAR EXPLOSION 


by 

P. Broche 


abstract 
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niseion. The results of such observation arc described, 

Tvo aspects of these results arc stressed : 
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describe it. 
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ATMOSPHERIQUE5 ENGENDREES PAR UNE EXPLOSION 
NUCLEAIRE. 


P. TROCHE (a) 


Laboratoire de Physique de 1'Exosphere 
FacultA des Sciences Jo PARIS. 


RESUME. 


On dScrit les rfisultats de 1'observation en plusieurs points, par la mtthode consistent 
A mesurer l'effet Doppler qui affecte unc liaison radio H.F, de la perturbation engendree dans 
l'ionosphArc par une explosion nuclAaire. 

L'accent est mis sur deux aspects de ces resultats : 

- le d£lai d'occurrence de la perturbation montre que sa propagation entre le 
sol et 1'ionosphere est non-lineaire, ct permet de d£finir un modSle numfrique pour la dScrrre. 

- le spectre teraporel confirme 1'influence importante du champ map/.Stique ter- 
restre sur le couplage entre les mouvements des particules neulres el: ceux des particules ionistes. 


I, INTRODUCTION. 


A l'occasion des campagnes d’expArimenlation nucleaire franijaises, on a procSdf 3 l'ftu- 
de des perturbations de 1'ionosphAre causces par les explosions, en utilisant la mfthode qui 
consiste a mesurer l'effet Doppler observe sur plusieurs liaisons radio d£cam6triques (H.F.) bista- 
tiques (6metteur et rAcepteur places en d.-s points different*). La Fig, I reprfsente schAmatique- 
ment la geographic du site d'expArience ainsi que les liaisons uti’isAes. Ces liaisons ont permis 
I'Atude de la perturbation dans les regions situees an voisinage des points de reflexion sur l’io- 
nosphAre des rayons radio correspondents, c'est-A-dire A 1'altitude de la couche F 2 (200-250 km) 
et A des distant :s horizontales du point d'explosion d'environ 0 (zone I), 150 (zone II), 350 km 
(zone ’II) ainsi que dans une region situee A 1'altitude de la couche F I, A la verticale du point 
d'explosion (zone IV). 


(■») Adresse artuelle : Centre Universitaire de Toulon - Chateau Saint-Michel - 83 - LA GARDE. 








II s'agit ici d'exposer lea rfsultats spScifiquement obtenus grace A cette diveraitS 
des point a d’obaervation, et non d'Studiet, merae stat ist iquemcnt., le dSroulement individual 
d'une perturbation. 

L'effet Doppler mesurd aur une liaison donnSe eat eBsentiellement caractSrisf par deux 
paramAtves : 


- son ddlai d'occurrence, c'est-A-dire la durde qui aApare l'inatant de l'explo- 
aion du dfebut de la manifestation de lu perturbation aur la liaioon. Ce temps eat dvidenraent lid 

A la propagation de I'onde de choc entre la source et la rdgion <i'cb-ervation. 

- sa forme, c'est-A- lire l'allure de sea variations au cours du temps, qui sont 
lidea aux ptopridtds de la source et A la propagation de I'onde atoosphdrique, ainsi qu'A son 
interaction, dans 1 'ionosphdre, avee I'onde radiodlectrique. 


2. ETUDE DU DELA1 D'CCCURRENCE. 


En gdndral la perturbation apparait de faqon trAs nette et il est possible de mesurer son 
temps d'apparition avec une bonne prdcision. Ear contre, en raison de la variabilitd dos conditions 
mdtdorologiques et ionosphdriques, et de 1 'iucertitude avec laquelle on peut ddfinir la rdgion 
perturbde, cette prdcision n'a en clle-meme que peu de valeur lorsqu'il faut comparer entre eux les 
rdsultats relatifs A plusieurs cvAnements differents. On peut estimer A 30o environ 1'incertitude 
dont il faut affecter les mesures pour tenir eompte de res considerations. 


Les rdsultats obtenus sont illustres sur la Fig. 2, oO on a reprdsentd, en fonction de W, 
puissance de l'explosion, lea delais d'interaction correspondent aux diffdrentea liaisons, et sur 
la Fig. 3, oQ ces ddlais aont representes, pour les differents ordres de grandeur de la puissance, 
en fonction de la distance de la source au point de reflexion sur 1 ’ionosphdre de la liaison radio 
correapondante, ce qui est une estimation de la distance parcourue par I'onde entre la source et 
la zone oQ elle est observee. 


Ces rdsultats expdrimentaux imposent deux conclusions : 
a) La propagation est non lineaire. 

On constate en effet que sa celtrite est fonction de la puissance de la source, 
done de i'amplitude de I'onde. La Fig. 3 montre en outre que cette cdldrite decroTt au cours de la 
propagation (la vitesse moyenne est plus faible entre 250 et 400 km qu'elle ne l'est entre 200 et 
250 km) et qu'elle a done un comportement qualitatif analogue A cclui de I'amplitude. Si c eat la 
vitesse du son et v celle de la perturbation, l'expression la plus simple de la non-linearith est 
une formule du genre 


v ■ c + k A 


(I) 


(A ■ amplitude de I'onde, k constante), et, si s est une estimation de la distance parcourue, on 
peut ecrire : 


v 


.1/3 


/s 


( 2 ) 


Une formule de ce type a ddjA etd proposde par BETHE (1958), et son utilisation pour des traces de 
rayons acoustiques a perrais A Y. ROCARD (1972) d'expliquer certains aspects de la propagation du 
signal acoustique A trAs grande distance. 


b) Le calcul numdrique, utilisant la formule (2), montre qu'elle conduit, dans 
1'interprStation de nos rdsultats expdrimentau., 3 des ddlaia d'occurrence trop courts. La F 13 . 4, 
oil sont reprdsentds, en fonction de W, les temps d'afivSe de la perturbation dans la rdgion situde 
3 la vertIcale de la source, A environ 160 km d'aititude (zone IV), ainsi que le temps que l'on dd- 
duit de ( 2 ), illustre ce comportement. 


On n'obtient un bon accord qu'en introduisant une absorption de comportement exponentiel 
en fonction du trajet parcouru, et dont il faut chercher 1 'origine dans l'action de la viscositd 




atmosphEriquc. A pai "ir d'une certaine altitude, variable avec la frequence de l'otule, celle-cx 
introduit une diminution de l'amplitude qui, d'apris (1), «e ttr luit Agaleraent par un« diminution 
de vitesse de propagation, cclleci Etant alora donnEe par une formule du type : 
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v 


,1/3 


(3) 


Lea resultata d’un calcul numErique ut'lisant (3) sont egalement reproduita aur la Fig. A (cour- 
be b) et on conatatc lour bon accord avec lea rSaultaca expErimentaux. 


3. ETUDE DE LA FORME DE LA PERTURBATION. 


L'Etude de l'effet Doppler mesurE, Af, en fonction du temps, ou, ce qui eat Equivalent, 
du spectre temporel de Af, nKjntre dea variations aystematiques en fonction de la pjissnnra de la 
source, et en fonction de la region 1'observation. 


Ce dernier aspect, le seul A nous intEresser ici, peut avoir deux rauaf : 

- la dispersion et. 1'absorption selective de 1 'atmosphere entre la source et 
la region d 1 observation. II s'agit en premiSre approximation d'un effet isotrope, •c'et^-H-dire 
independanc de l'astimut de la region d'observation par rapport A la source- ne dependant que de 
la distance. 


- le couplagc entre 1'ionosphere et 1’onde neutre est diffErent auivunt l'orien- 
tation relative du champ oiagnEtique terreatre et de la normale A 1'or.de, c'est un effet essentiel- 
lement anisctrope, dependant beaucoup de la frequence. 


a) Ls propagation d'une onde neutre A partir d'unc source explosive ponctuelle a dEjA 
fait 1'objet de nombreux travaux, datia le8 hypotheses trEs rEal.stes (atmosphEre stratifiEe, en 
prEsencc de vents). L'aspect le plus important des rEsultats est que l'onde observEe en un point 
A l'altitude z et A la distance R de la source nc contient que des frEquences oupEr'.eurea A une 
limite u * z/R sig (ujg - frequence correspondent A la pEriode de Brunt-Valssala), Toutes 

choses Etant Egales par ailleurs, ceci sigr.ifie que la perturbation contient d'autant plus de 
basses frEquences que la zone (('observation est plus eloignee de la source, A titre d'exem- 
ple la Fig. 5 reprEsente le spectre de la perturbation neutre A la verticale, et A une distance 
de 350 km du point d'explosion. 

La viscoaite atmosphErique, dont il a EtE dEjA question au I 2 renforce cette tendance, 
dans la mesure ou elle,provoque surtout I'absorption des hautes frEquences (le coefficient d'ab- 
sorpticn vat 'cotate f z ) , spccialement des pEricdes infErieures A quelques minutes. 


b) Le couplagc entre les neutreB et les cortposants ionisEs a Epalemont fait 1 'objet 
d'un certain nombre de travaux, du moins dans le can d'one onde de gravitE libre, c'est-4-dire 
pour laquelle on peut arbitrairement se fixer le vecteur d'onde tc. Dans le problEme qui nous 
intErease, la rEfErence A une source ponctuelle esc ; aportt..ite, et il en a Etc i.enu compte dans 
lea calculs que nous avons u-'veloppes, le modEle Etant le suiva-it : 


L'atmosphEre est isotherme, csraciErisfie par la valeur de la ctlEritE du son c, 
et par la pEriode de coupure acoustique Ta et la pEriode de Brunt Tg. L'interaction a lieu A 
l'altitude de la couche F 2, de sorte q^je la vitesse v djs ions^est la projection sur la direc¬ 
tion du champ magnEtique de la vitesse u des neutres : v " (u.d) b/b . 


La propagation d'une onde hartuonique de pulsation w, A partir d'une source 
ponctuelle, est dEcrite par la fonction de Green G (z, r, w) (Row, 19661 qui est donnEe par 


p - R(1 - m 2 /w 2 ) 


G(z, r, u) - a 

1/2 


k - r (- 


h " I - u /a 


4HG 
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la vitesae den neutres a utie composanti! radial* et uue composaite verticale donnlen par : 


u 


u 


z 


ri£ 


X 


- AG) 


avec 


A - (y/2 - I) g/c 2 


La perturbation de densitl eiectronique est, au premier ordre, la solution de 
1'Equation de conservation lin^arisee 


It + div (K o ‘ 0 

I d N o 

N etant la density non perturb£e. Introduinant le parametre a - (-ryr + -j——) , qui caractS- 

O /H QZ N 

O 

rise la hauteur d'£chelle globale de la couche ioniafe, cette equation, pour des mouvements har- 
moniques, donne : 


|«N | - 



$.V | 


(5) 


On a effectu6 un calcul num£rique utilisant cos diversea expressions, dont las r£sultats 
sont reproduits sur les Fig. 6 et / qui repr^sentent, en fonction de l'azimut aagn£tique, la 
variation de SN/’K^ pour diff4rentes periodes T(T < T # ou T. < T < T c >. Le r£sultat impor¬ 
tant est que l'amactropie trds forte du couplage, qui est previsible d'un simple point de vue 
g£om£trique, depend considlinblement de la periode : on peut retrouver les faits esscntiels de ce 
comportecent A partir des rfsultats connus (HINES 1960) sur lea ondes acoustico-gravitationnellcs 
planes, en observant que l'onde qui se manifest* en rt, la source etant en 0, est celle dont la 
vitease de groupe est dans 'a direction de OM (Fig. 8) 


^ ^i) loraque la periode est faible, ii y . peu de dispersion, et l'onde est longitudinals 

k, u et OM sont paralliles. I.e terme essentiel dsns (5) est le terme de divergence, de sorte que 
«N/N q se comporte cosine : 


E. (S (u.d) ) 


c'est-a-dire 


(ofi.t) 2 


(ii) lorsque la periode est voisine di la valeur maxima observable en l'ojpde est trans 
versale, et, la vitease de group* etant perpendiculaire A la vitesse de phase, u et Oh sont para- 
llAles entre eux et perpendiculaires A E. Le terme preponderant est encore le terme de divergence, 
de sorte que 6 N/N q se comporte comae : 


E. (E. (u.t) ) c' sst-A-dire (ofi.ti) (E.E) 


(iii) lorsque la periode est voisine de la periode de coupure acoustique. c'est le pre¬ 
mier terme de (5) qui est le pluB important. II traduit 1'influence de la stratification du milieu 
(le flux de particulea ionisees entralnees est variable en fonction de l'ultitude) et il se com¬ 
porte de fa^on isotrope. 


La dependence importante de l'anisotropie en fonction de la periode entrains une modifi¬ 
cation de spectre de 6 N/N q suivant l'azimut magn€tique du point d'observation. La Fig. 9 montre 
le comporteraant de l'exc€s relatif de densit* eiectronique, rapporte A l'excts relatif de densitlS 
nsutre do/po, en fonction de la frequence, pour diff^rents azian.ts, et pour uue source explosive 
parfaite (spectre uniforiae). 

Deux aspects des r€sultats sont importants : 


- Alors que les hautes frequences (acoustiques), sont toujours affaiblies par 
rapport A l'amplitude de l'onde neutre, les basses frequences (ondes de grovite), sont amplifiees. 
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essentiellemcnt les pSriodes voisines de T (ptriode de Blunt.) et T (pSriode maximum observable 
en M). 8 C 

- Si I'on compare les spectres & ia verticale de la source, et dans la rSgion 
d'observation correspondent S tine autre liaison utiliaSe (•'.one lit, D 330 km ationit * 6o°), 
on constate que la diminution de 1'importance des hautes frequences dans le spectre va dans le 
sens des observations experimentalet ?~ig. jo). 


4. CONCLUSION. 


L'observation de 1'onde acoui tico-gravitationnelle ergendrSe par une source explosive 
et propagie dans 1'ionosphere, effectufe aimultan£ment en plusieurs points par la mesure de l'ef- 
fet Doppler e.t 11.F, peimet de mettre en ividence pluaieurs phlnomilnes physiques interessants : 


- la propagation des sigiaux puissants est non-linSaire, c'est-A-dire qu'elle 

a'effecr-i' e”«e on* diteivUnt «•" ’ ‘ »mplitude. 

- 1'»h«orption, par viscosii6, a, 1 dea altitudes superieures A 100 km environ, 
un role important sur Involution de l’amplitude de l'onde, done sur sa celerite. 

- la variabiliti de 1'allure de Involution temporelle de l’effet Doppler mesu- 
r A e.i dea points different* s'expliquc en partie par lea earaetfjristiques de la propagation d'uue 
und; acoistico-gravitationnelle entre une source nonctuelle et un point quelconque, mais, certains 
effeta anisotropea sont liis au ooupiage entre l'cpde atmospherique, qui affecte primairement les 
particules neutres, et 1'ionosphere. L'effet de ce couplage est de rfduire systematiquement la 
part des hautes frequences acoustiques dans le spectre des variations relatives de densite elec- 
tronique. 
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Figure 1. Reprfsentation schSmatique du site d'experience, des liaisons radio utilises, 

et des zones d'observation de la perturbation ionosphSrique (rep^reea par I, 
XI, III, IV). 



Figure 2. 


Variations du dSlai d'occurrence de la perturbation, dans les zones I, II, III 
IV, en fonction de Is puissance de .soiree. 
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Figure 3. Variations du dfilai d'occurrence de la perturbation pour diiffrentes puissances 

en fonction de la distance de la source & la zone d'observation. 



Figure A. 


D61ai d'occurrence de la region A. 


~~ (») Calcul dans l'hypothise d'une propagation linei.ire 

- (c) Calcul dans l'hypothfae d'une propagation non-1ineaire, sans absorption 

- (b) Calcul dans l'bypochdse d'une propagation non-1ineaire,avec ab orption 
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Figure 5. 


Spectre de la perturbation relative de densite du gaz neutre, dane 1 
I et III. (source explosive partaita). 











Figures 6 et 7. 


Variations de la perturbation relative de denaitd electronique rn fonction d 
1 aziBut de 'a region d'observation, pour une distance a la source de 350 kr 
environ, et pour differentes valeurs de la pgriode. 

On a reprgaentg ggalement sur c;es figures la direction de 1 „ z Sne III. 
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Figure 8. Definitions gSooetriques 

- k fl et k repr£scntent la direction des vecteurs d'ondes de l'onde ucoustique 

(id ♦ «) et de gravite (w -*■ w c ) issue de 0 et propag6e en M 

- u et u representent la direction de la vitesse des neutres dans chacu.ie 

a g 

de cee deux ondec 

- b represente le champ magnetique terreatre. 



Figure 9. Spectre* de la perturbation relative de densite eiectronique, rapportea ft la 

perturbation relative de densite du gas ncutre, pour differents azimuts, 8 la 
distance de 350 ktu de la source. 
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SCMMAIRE 


lh< explosion nuclOaire so produisant & Jet altitudes ionospheriquu* eat cuivie d“effete 
multiples daa» I'lenosnhJro et, par consequent, uur 1*8 t: commie at ions en haute frequence, Au cours 
da l'etfc at de 1‘xutcranc 19fe, o: a proc'df au milieu du Facifique # prdn de l'lle Johnston, A une 
•trie fl*explosions nucl£«iret de cult (la *Sri* "Fish howl), Dane le cadre den experiences effec- 
tubes A cuttd occasion, I’lnatitut de Jeche.rche* de Rtanford a eta'uli iui lbscHU de sondeurs 4 ir,ci- 
dance oblique, dont lea paroours d'nr eeui raut apparaisnent aur la figure .1. Fu tout, quatre 6»ct- 
teurs et knit r<c*pt«ur* furent monies en multiplex pour creer un rfcseau de 29 partoura, Lu "Natio¬ 
nal Bureau of Standards" (Bureau National des Poids et Mcsurea), einsi que 1'Agence do l'AnsAc de 
ferre US pour la Propagation des Ondes Radio, et le Laboratoire de Rechercheo de l'Ann^o de I'Air, 
d# Cartridge, utiliairent dan* la mftne region des sondeurs 4 incidence verticale, On yerra sur la 
figure 2 lea emplacement* des cites choiais, ainsi que ceux de certaines stations internationales 
de sondage. In a.ioutsnt les informations fouruiee par ceo mesures seporees, on peut obtenir une re¬ 
presentation asses cosplAtr du comportement, general de 2'ionosphere aprSs chaque explosion, 

Le* observations effectives 4 partir de chacun des sites pernirent de retracer l'historique 
de la densite Alactronique maximal* de 1'ionosphere en deB endroits determines, L'ensemble de ces 
resultats a seryi 4 etahlir des cartes de frequence critique qui indiquent la variation synoptique, 
en foncticn du temps, de la densite eiectronique maximale de la couche F, Ce paranitre est d'une 
importance extreme, tant pour 1'operateur charge d'etablir des liaisons H,F, que pour le chercheur 
•cientifique, 

Le film sonore en couleuro de 16 a m qui iilustre cet expose presente sur la carte las cour- 
bes d'egalc frequence critique montrnnt les variations de la densite eiectronique maximale de la 
couche ¥ en fonction du temps et de I'eopace, 4 la suite des trois essais nuclCaires 4 haute altitude 
de 1'operation "Fish Bowl", Ces cartes comprennent Is region attendant entre 30° de latitude Hord et 
Sud de part et d’autre de I'equateur magnetique, et. 35° de longitude Est et Ouest de part et d'autre 
d* I'll* Johnston, Les sequences commencent 60 minutes avant l'explosion et se poursuivent, par in¬ 
crements de 1 4 K minute*, jusqu'A 60 minutes aprAs pour les essais "8tar Fish" et "Check Mate", et 
cinq heures aprJe pour i'essai "King Fish", Le principal effet qui se trouve iilustre est la propa¬ 
gation radiale des ondes iooosphbriques 4 partir du point de detonation, Le film etudie et iilustre 
egalement la thborie des ondes hydrodynsmiques, et prlsente les caracteristiques observees des ondea 
ionospheriques, Sa projection dure 30 minutes. 

Lea figures 3 4 27 representent un choix de cartes de frequence critique, extreit du 

film. 


Reference : Lomax, J.B, et Nielson, D,L,, 1566 "Observations of acoustic-gravity wave effects shoving 
geomagnetic field dependence" ("Observation des effete des ondes acoustiques et de gravitb montrant 
leur dependence 4 l'lgard du ebsmp magnetique terreatre"), JATP, Vol, 30, pp, 1033-1050, 


Les recherche* dont il est rendu eoopte ici furent ef.fectu6es sous l’egide de I’Agence Nucl£uire pour 
la Defense, dans le cadre de la sous-traitance 938/07,0^1, sous contrat DA 3&-039SC-87197 avec le U6 
A ray Electronics Ccmmsnd, 
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SUMMARY 


The detonation of a nuclear burst at Ionospheric heights causes a multiplicity of effect* in the 
ionosphere and therefore on UK communications. A series of nighttime nliota, the Fish Bowl Series, 
was conducted in the aiwsaer and fall of 1962 near Johnston Island in the mid-Pacific. As part of the 
instrumentation for this aeries, SRI fielded a neteork of oblique-incidence sounders, the one-hop path* 
of which are ahown lit Figure 1. In all, four transmitters and eight receivers were time-multiplexed to 
create a network of 29 paths. The National Bureau of Standards operated vertical-incidence sounders 
in the name area, as did the U. S, Army Radio Propagation Agency and the Air Force Cambridge Research 
Laboratory. The location* of these sites, as well as acme of the international sounder stations, 
are shown in Figure 2. By combining the information frean these separate measurements, a fairly compre¬ 
hensive picture of the gross behavior of the ionosphere after each shot can be obtained. 

From each site came a time history of the maximum electron density of the Ionosphere at specific 
locations. These were combined into critical-frequency mips which show, as a function of time, the 
synoptic variation of maximum F-Jayer electron density. This parameter Is extremely important to the 
HF communicator aa well as to the scientific Investigator. 

Sequences of contour maps of critical frequency are presented In this 16-mro sound/color movie, 
showing the variation of the F-layer maximum electron density as a function of time and space following 
the three-hlgh-oltltude nuclear teats In Operation Fish Bowl. The maps encompass the region 30° north 
and south from the magnetic equator and 3S° east and west from Johnston Island. The sequences of maps 
start 60 minutes before the explosion and proceed, In increments of 1 to 4 minutes, to 60 minutes after 
the event for Star Fish and Check Mate and to five (5) hours after King Fish. The principal effect 
illustrated la the propagation of the ionospheric waves radially outward from the point of detonation. 
The theory of hydrodynamlctl waves Is also discussed and illustrated In the film, and the observed 
characteristics of Ionospheric waves are presented. The film has a showing time of 30 minutes. 

Selected maps of critical frequency from the film are shown In Figures 3 through 27. 

Reference: Lomax, J. B. and Nielson, D. L., 1968, "Observation of acoustlc-grnvlty wave effects 

showing geomagnetic field dependence", JATP , Vol. 30, pp 1033-1050. 


* The research reported here waa sponsored by the Defense Nuclear Agency unde:- NWER Subtask 938/07.C41 
on Contract DA 36-039SC-87197 with the U. S. Amy Electron) a Command. 














Figure E 

Check Mete T - 1 min 
0829 GMT, 20 October 1-982 


Figure 10 

Check Mate T + 5 min 
0835, 20 October 1962 


Figure 11 

Check Mate T + 10 min 
OR40, 20 October 1962 












Figure 12 

Check Mete T + 20 aln 
OB50 GMT, 0 October 1802 


Figure 13 

Check Mate T + 40 min 
0910 GMT, 20 October 1962 


Figure 14 

Check Mate T + 60 min 
0930 GMT, 20 October 1962 















Figure 21 

King Fish T + 80 min 
1330 GMT, 1 November 1982 


Figure 22 

King Fish T + 100 min 
1350 GMT, 1 November 1962 


Figure 23 

King Fish T + 120 min 
1410 GMT, 1 November 1962 




Figure 24 

King Fish T + 140 min 
1430 GMT, 1 November 1962 


Figure 25 

King Fish T + 160 min 
1450 GMT, 1 November 1962 


Figure 26 

King Flah T t 180 min 
1510 GMT, 1 November 1962 
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iLES EFFETS DES OffiES AQOUSTIQUES fcT DE GRAVITE PROOUITES PAR UNE EXPLOSION NUCLEAIRE 
SUR LIES SYSTBMES DE GOtNJNICATION A HA1TTE FREQUENCE 


P*r 


D.L, Nielson 


SOMURE 


Lee ood«* acouatiqucs et die grayitS eugendrSee par dee exploeione nuclAairee 4 haute altitude 
injurent ei'fecter noaentantaect les lieieone de radioconmunication en haute frS^uence, Deux modifica¬ 
tion!) peuvent ae produire s 

1) le spectre d« propagation dont on dispose peut, an un certain point, diminuer de telle aorta 

quo 1« circuit ne fonctionne plus 4 une frequence donn6e, , 

2) le dilai dans lu tea pa, et lee diehorficne de frequence peurent accrottra la prcbabilitf 
d’erreurs pour un syst^me digital, Tou* cee effete dependent ilea positions relatirea du trajet radio 
de la source, et du champ g&onagngtique, ainei qua de l’Stat ae l’ionoephire le long de ce trejet. 
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ACOUSTIC GRAVITY WA'.TM ON H? 
COMMUNICATION SYSTEMS 


D. L. Nielson 

Stanford desetrch Institute 
Menlo Park, California, U.S.A. 


SUWUAY 


Acouatlc gravity wavaa generated by high altitude nuclaar explosion* can wowentsrily ifim the 
performance of HP communication*. Two changas can occur: (1) the available propagation epectrun aay at 
aoiae point decraeae aur.h that the circuit la no longer operative at a given frequency, (a) the time-delay 
and frequency dlatorttonc may increase the likelihood of error In a digital ayatem. All effects are sub- 
Ject to the relative orientation of the path, the source, and the geomagnetic field as well as the state 
of the Ionosphere along the path. 

1. INTRODUCTION 

Through modification of the Ionosphere, acouatlc gravity waves (AOW) nan affect the performance of 
HF communication ayatena. The extent of the effect is dependent unon path location and orientation ae 
wall as the system parameters. In this paper we will briefly examine the changes In communication system 
performance resulting from the passage of a wave generated by the 1962 hlgh-altltude nuclear test King 
Fish. (UMAX and NIELSON, 1968.) This teat affords a good opportunity since the source la discrete end 
the wave la simpler than many natural occurring ones. Observations in the form of oblique-incidence iono- 
grams are used tc verity the Ionospheric model from which the system performance will be estimated. 

The Ionospheric. F-reglon electron density Is modeled as a single parabola as far as propagation 
la concerned. The AGW effects are computed using quasl-emplrical expressions derived by NELSON (1969) 
ualng In part these observations. Changes In all three layer parameters—height, semithickness, and 
critical frequency--are made aa the wave proceeds along the path. The performance of two modems will be 
considered—an Incoherent FSK ayatem and a differentially coherent PSK(DFSK) system. 

2. MODELS 

The path chosen for examination Is about 2300 km from the burst and running between the Islands r? 
Canton and Rarotonga In the South Pacific. A constant ionospheric F-leyor was usod as the background 
propagation medium: h m *= 383 km, y m ■ 70 km, and f c « 6.8 MHz. These values were selected after examin¬ 
ing ionospheric data Including obllque-lncldence ionograms. Since the observations are ei.tlrely at.night 
no lower-layer Ionization is considered. The propagation program used allows for linear gradients in 
critical frequency and layer height. The wave ns modeled as In LOMAX and NIEUJON (1968) with a velocity 
of the peak of the first half cycle of 800 m/aec. 

The digital communication system models used here permit the Input of both time and iroquency 
distortions. These distortions sre expressed In the form of a second central moment In time delay and 
Doppler shift and are thus specified as spreads In each domain. The spreads are calculated from the 
amplitude-weighted discrete ray paths obtained from the parabolic-layer ray-tracing propagation model. 
81gnal-to-noise ratios sre normalized to a one hertz bandwidth ami only atmospheric noise is considered. 

A transmitted power of 3.3 watts/Hz and noise levels at the receiver from -131 dBW at 4 MHz to -171 dBW 
at 20 MHz resulted in about a 40 OB signal-to-nolss ratio. The signaling element duration is 10 msec for 
both systems. 

3. RESULTS 

Combining the Ionospheric and AGW models mentioned above we can obtain a series of calculated 
lonogranui with which to compare against the observed recorda. This Is done i:i Figures 1 and 2 for every 
20 minutes during the first 100 minutes of the l hours for which calculations were made. While some error 
is apparent, the general pattern la reproduced with but two exceptions: the time-delay spreading on in¬ 
dividual traces and the continued high frequency maintained on the ono-hon trace. Thase effects are 
probably the result of the formation of irregularities in ionization during the passage of the wave. 

Notice that while the frequency remains high on the lowest order ray t.ho maximum frequencies of the higher 
order raya decrease following the first half-cycle of the AGW (i.e. , beyond 110 min.). 

The spectrum available for propagation In this caae Incurs a pronounced change. In Figure 3 the 
maximum observed frequency Is shown over the two-hour period. Observed values are shown only during the 
first quarter period. The calculated values show what might, exist if the Irregularities were not 
present. This variation in maximum frequency is not always typical but is a function of pre-wave ioni¬ 
zation contours end the relative orientation of the uave normal of the acouatlc wave and the local mag¬ 
netic field (LOMAX and NIELSON, 1988>, (NELSON, 1968), 

The performance of a digital system is related to severe) factors: 

(1) the aignaX-to-noise ratio 

(3) the spread in time-delay »nu Doppler shift. 

(3> the transmitted signal and other system characteristics. 
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Since th» calculations are for nighttime eondlilonr tha slgnrl levela are approximately constant with 
fiocuency and for the various multipath components. Thu nuMbe*' of propagating rays therefore tends to bo 
llialtod by lonoephtiTc penetration. Yhls Uniting also helps deflno the degree of tims-delay and Doppler 
spread »t a given frequency. 

Assuming continuity In the uao of a given frequency, the vurtntlon tn tho performance ol a dlc'tBl 
system during the passage ol the nave l* governed Isigely hy the changes In time delay and Doppler shift 
of the Individual rays, lhesu varlat'onn for a:i Incoherent '/SK system can he soon In Figure 4 for no 
diversity and for uncarrolstol dual diversity systems. (Hie dual diversity results can bo plotted on the 
same axes only for high signal-to-nolce ratios.) Similarly result.l for « DPSK system with no diversity 
are giver in Figure 5. Notice that in the first 30-60 minute^ or the first half-cycle the degradation of 
the digital system Ij due to Increases in distortion. In tho second half-cycle the distortion diminishes 
but In this instance the propagating spectrum Is also reduced. Tho phase system is naturally more sensi¬ 
tive to Doppler spre ad thin the Incoherent F8i£ aystitu. The wide a.id rapid excursions of error rate In 
Figure 5 are the result of differential Doppler shifts between various P-regioii rays. 

-3 

If error rates of lees than 10 are necessary 1*. is apparent that some typo of diversity would be 
required In this situation. Furthermore If the operu J l;ig frequency falls below the maximum propagating 
frequency then a frequency changa la nscesaary to maintain conmunicatlon. This latter procedure Is most 
Important in those vaglons ahere tho first half cycle cauaes a decrease In F-layer critical frequency. 
(LOMAX end NIKLfiOl,, 1968.) 

4. CONCLUSIONS 

This paper has attempted to show that UP coununlcatlon systems may in some enses be affected by 
the passage of neutral atmospheric waves generated by a nuclear explosion, Degradation may come from In¬ 
creased distortion, a possibility only when the F-layer critical frequency la Increasing, or from a loss 
of ionospheric eupport. for the frequency of operation. In the latter situation the maximum propagating 
frequency la decreasing and because of the accompanying reduction in multipath, the distortion decreases 
re well. While the wave would be expected to have opposite effects In Its two half cycles, obsorirutions 
Indicate that the most significant changes occur during the first half cycle. 
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Calculated and Observed Variation In Maximum Frequency 
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Figure 5 


Probability of Error for DPSK System 
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Discussions on papers presented in Session IV 
(Influence of acoustic gravity waves on the propagation of the electromagnetic waves) 

Discussion on ^agerj^ : "H.r, Ray tracing of gravity wave perturbed ionospheric profiles", by P.L, George, 

Dr, K, DAVIES : Mr. George's ray tracing shovs that there are fundamental limitations set by the ionosphere 
on direction finding. Hence there should be a corresponding limit to the amount of money invested in direc¬ 
tion finding equipment. This is a potentially valuable contribution from thin meeting. 

Dr. P.L. GEORGE : 1 think the point is that no amount of sophisticated engineering, which usually implies 
considerable expense, vill improve radio location results if the ionospheric model is itself inadequate. 

dF, P. HALLEY : Dans le trac6 de rayon electrcmagnStique que voua effectuez dans le milieu ionis£ pertur- 
be en presence du champ magnitique terrestre, vous calculez les trojectoires entre deux points pour une 
reflexion ionospherique, Tenez-vous compte de reflexions ionosphfriques multiples accompagnSes d'une ou de 
plusieurs reflexions au aol 1 

Dr, P.L, GEORGE : Multiple reflections ccrtairily occur at near vertical incidence with TID's of some ampli¬ 
tudes. It is not clear that measurement of such multiple reflections will improve our ability to determine 
the essential characteristics of a given TID, Rather it is often the case that multiple reflections will 
confuse the situation. It is for this reason that the interferometer used for the type of measurements dis¬ 
cussed in this paper is deliberately used in a manner such that measurements are accepted only when an es¬ 
sentially plane wave front, that is a single mode, is present. 

Dr, H,P, WILLIAMS : Throughout your lecture you referred to the effects at "short distances" i,e. of the 
order of 50 km. In practice one is much more likely to be attempting measurements at much longer distances. 
In such cases I presume the gross inaccuracies due to the wavy surface would be considerably reduced. The 
problem would then be nearer the caae of reflection at grazing incidence which, we know from the Rayleigh 
criterion, would come more closely the flat aurface case, 

D-, P.L. GEORGE : I cannot agree that in pratice one is more likely to be attempting radio location at much 
larger distances. It depends very much on the situation. There is a very real requirement for location at 
short ranges which I cannot elaborate on here. I will say however that the required accuracy is often 
higher than at long ranges. One must remember that at short range the frequency of operation may easily be 
such that penetration into the ionosphere is very great - under these circumstances the greatest tilts 
seen. At long ranges however, for frequencies below the MUF, the radio ray does not penetrate deeply into 
the ionosphere - at distances greater than 1 000 km or so it is difficult to get mere than one third of the 
way into the F region.-One may therefore suppose that the effective tilts seen due to .’ID's may be rather 
small. 


Discussion on paper 3 1 * ■ "Propagation of subnicrosecond H,F, pulses through travelling ionospheric dis¬ 
turbances" ,by G.M. LERFALD, R.E. JURGENS, 


Dr. L.B. WETZEL : I would like to make two comments on this paper, 

1, - Taking an oblique ionogram as a plot of delay-time versus frequency over the path, one often 
finds that the curve is flat in places due to the presence of the underlying layers. In such regions the 
second term in the Taylor's expansion of the phase, being proportional to the slope of the delay-time, 
vanishes ; at these points the surviving phase non-linearity is . ubic in frequency, and the simple formu¬ 
la for ionospheric bandwidth based on the quadratic term is no lc ,ger valid, This formula also breaks down 
where the delay-time exhibits a strong curvature as when ..lose to the MUF, (See, for example, L, Wetzel, 

IDA Res. Paper P-317, 1967). 

2, - The question of "incoherent bandwidth" might be app oached by viewing the physical locus of 

two paths through the ionosphere at two different frequencies. As the frequencies separate so do the paths, 
and the phases over the two paths become statistically de^orrelated as the physical separation of the 
paths approaches the correlation length of the major ionospheric irregularities. These irregularities could 
be related to the high wave-number end of an acoustic wave spectiimi, which then determines a natural limit 
to one’s ability to do dispersion equalization. 

Dr. G.M, LERFALD : 1,- I concur with theBe craments on the limitations of the equation given by Wait, 
However, in practice it seldom occurs that the delay-time verstt frequency curve is truly flat over the 
receiver bandwith. In this case, as for the case near the MUF, higher-order terms for the phase relation¬ 
ship could presimably be used, but tlii'i would probably n;he it impossible to solve the equations explicitly, 

2,- An experiment which measured the .egree of decorrelation between separated frequencies was per¬ 
formed with some interesting results, by Hagfors (Norwegian Defence Research bBtablistiment , Internal Report 
1962 ). 
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Discussion on yaper 36 : "La perturbation ionesphSrique due aux ondea acoustiques et do gru/iti crSSen 
par une explosion nucTSaire au sol de 100 kt A 2 000 kt observie entre 150 et 1 000 km du point de tir', 
par P. HALLEY, 


Dr, P, MURPHY : The Lmb mode which is maximized at the earth's surface das ar, exponentiating distance of 
yH with altitude, where v is ratio of specific heats and^ll is the scale height. For y “ l, 14 and H ■ 7 km 
this means t '10 amplitude at 100 km altitude is ubout 10 “ that at sea level, I therefore do not believe 
the interpretation of the 305 o/sec signal in terms of the Lamb mode can be correct. The amplitude is 
simply too small. 

C,F, P, HALLEY : Oui, la pretsion de perturbation du mode de Lamb d£crott exponentiellement lorsque l'al- 
titude augments, I'Schelle de hauteur Stant yH, Mais, la preasion en 1*absence de perturbation decroft 
auaai et plus rite, l'tche l^e djt hauteur At ant il, Le rapport v* augmente done exponentiellenent lorsque 

l'altitude augmente ■v e Y H , Quoiqu'il en soil., il paraft difficile d'attribuer directemeut a" 
mode de Lemb le signal qui ae propage A 305 m/s. 


Discueaion on paper 37 : "Propagation non-linAaire et couplage ionospherique des oncles aeoustico-gravita- 
tionnelles engenarfees par une explosion nuclAaire", par P, BROCHE, 


Dr. H. RISHBETH : You have considered the motions of F region ions parallel to geomagnetic field lines, 
due to neutral air motions. But in addition the air motions in the F, region can possibly generate electric 
fields, which will be transmitted to the F region and can then move the ions across the magnetic field 
lines. In this case the ion motions will be more complex. You might obtain some information about electric 
field from magnetic data, though the problem is a complicated one. 

Prof. P. BROCHE : I did not take into account these effects, my calculations were very simple, and their 
aim vas only to shew the mean features of the effect of the earth magnetic field on the coupling beetven 
the A.O.W, and the ionosphere when the A,G,W, was generated by a ponctual source. 

Dr. Ch, LIU s I think this non linear effect is very interesting. This is known in the theory of non li¬ 
near ;ave in dispersive media as "amplitude-dispersion relation". Perhaps with the model you use it is pos¬ 
sible to derive this relation and have a more exact expression for the vave velocity. Then a better check 
with the experimental data will be possible. 


Prof. P. BROCHE : In fact the coefficient k in the expression 

1/3 3/2 H exp [- 138 -I 


v « c ♦ k w 


can be approximated using the shock velocity and the coefficient B, which expresses the influence of the 
viscosity damping, can be calculated for a given frequency (Rayleigh expressions). The fit is obtained by 
choosing the convenient frequency (a few seconds to a few ten of seconds). 


I agree with Dr, LIU's remark, that further theoretical work will provide better approximations 
for the wave velocity, and perhaps a better fit with the experimental data. 


Discussion on paper 39 : "The effect of nuclear-burst produced acoustic gravity waves on H,F, communica¬ 
tions systems", by B.L. NIELSON, 

Dr, A.*. INCE : Would you please comment on the effects of high-altitude nuclear detonations on ncise of 
terrestrial and extraterrestrial origin in HE and VHF bands, considering consaunicstions systems such as 
iono-scatter and metecr-burst. 

Dr. D.L, NIELSON : In the face of nuclear radiations, propagated noise will of course suffer absorption 
just as a more useful signal does. In the initial attempts at modeling the toted propagation picture in the 
presence of absorbing radistion, we tried to synthesize observed noise values from point source noise 
"transmitters". Doing so would enable us to attenuate noise as well as the signal. Unfortunately the 10 
or so noise sources we felt were needed meant that all calculations were multiplied by that factor. 

That fact coupled with the realization that much of today's HF "noise" is interference, caused us to dis¬ 
continue such calculations. Quite obviously propagated noise is directional and the attenuation picture for 
it may differ markedly from that for the signal. Extraterrestrial noise is much easier dealt vith but must 
consider the E and F layer iris. We have not incorporated absorption of that noise either. Because of the 
location of this path with respect to radiation sources and in view of the time-after-burst, I do not ex¬ 
pect the lack of considering noise to be of consequence in this case. Clearly there is little signal ab¬ 
sorption. 


External noise in VHF systems, being generally extraterrestrial, might be expected to attenuate 
more nearly as the signal-at least to the extent that the antennas are highly directive. Since -ignal-to- 
noiae ratio is the quantity of interest, considering only Bignal absorption will yield erroneously lov 
performance. 

Dr, H, WILLIAMS : I noticed on the oblique ionogrsms you showed that the reflections occured in blobs, i.e,, 
the curve of amplitude v, frequency vas modulated at short intervals. This was true even of the first io- 
nogrma which had not yet been affected by the burst. Can you teju. me why you had this effect T I met it once 


51.4 


r 







myself but only in the region of a single hop. It van then probably due to polarisation fading, for the 
tine ol‘ taking the ionogrom vaa only 20 eeconds. 

Dr, D.L, NIELOOH i As you imply, effects such an polarisation fading can occur when ve use linear antennas ; 
hovever, I do not attribute most of the drop out of signal with such a cause, feu will notice that in nearly 
all instances the signal is missing on all propagating modes. This must then relate to receiver response 
on that particular channel. Since these are step frequency receivers such an abrupt change is quite possi¬ 
ble, We have never associated any propagation significance to these interruptions. 


General discussion 


Dr. D.L, FIELSON ; I and several other attendees vould like to introduce at this point the outline of an 
ionospheric phenomenon that has been eluded to at this meeting by Dr, RSttger and in similar reports by 
Crochet at the University of Paris, In his paper Dr, RSttger suggested that the postaunset disturbances 
that have for many years been observed in the >’ region near the magnetic equator may be due to acoustic 
gravity vavea. During the next fev omenta I vould like to neither support or contest that suggestion but 
to place before this group a brief outline of the phenomenon in order that those veil versed in such wave 
motion might be able to address the likelihood of such a possibility. In order to present a consistent 
qualitative picture I vill take some liberties about which all may not agree, I will also largely ignore 
the normal motion of the bulk plasma after sunset, that is, the abrupt rise and slow descent, that may be 
of some influence in the phenosiene 1 describe. 

The several (and the msaber may range from zero to perhaps 8 or 10) independent reflection surfaces 
that Dr, Rottger mentioned "seeing" from terminals remote from the equator are those culls or 
bundles or irregularities that have been common to nearly all equatorial experiments in which drift velo¬ 
city could be measured. Commencing after Bunset and most probably following the evening height rise, these 
cells form end begin to drift eastward along the dip equator. Their estimated size ranges from a few hun¬ 
dred to perhaps at most 1 000 km and their horizontal drift velocity lrom 50-150 m/sec with respect to the 
observer. Their lifetime over one point cn the earth is typically 2 to l hours, so that from their initial 
point behind the sunset line they span perhaps as much as 30-60° degrees of longitude. Both the cells and 
the s-aallfir scale irregularities associated with them drift at the same eastward rate. The magnitude and 
direction of the drift are compatible with electroeiagnetic Hall drift from downward electrostatic fields 
of a fev millivolts per meter j however, there is no electric field mechanism known thr.t would produce the 
horizontal variations in density that define the cells. These data are evidenced at HF by means of horizon¬ 
tal and vertical reflections from inhooogenities of the same scale ts the cells as well as at VHF where the 
much smaller scale sizes are important. Nor are the observations confined to radio. Equatorial airglov re¬ 
cords taken over large areas also indicate the presence of these cells. Since the radiance of the airglov 
is said to be less related to electron (ion) number density than to recombination rate (height) there is 
believed to be feme levering of height associated with regions of increased airglov. 

From this brief outline *hen the following questions inquiring into the association (if any) bet¬ 
ween these cells and AGW's may be pcsed : 

- la the velocity (both direction and magnitude) consistent with AGW's either in or directly in¬ 
fluencing the F-region T 

- Is the "period" ax size of these cells commensurate with the velocity or AGW theory in general. 

- Is the disappearance cf these cells within say 30-60° longitude consistent with possible dissi¬ 
pation rates of AGW's, 

•> Could the instabilities associated with the cell be triggered of sustained by energy within such 

a wave, 

- If the large scrle irregularities have as their source changes associated with E or F region sun- 
vet, would such "wake" effects have to be stationary in the frame of reference of the sunset line, 

Finally, the wall scale irr- gularitirB mentioned above thet ire typically associated with spread-F 
or scintillations, are limited o' those that occur prior to local midnight. This type, either because of 
its intensity or physical make-up is the one that is most closely associated with upper KF and VHF inves¬ 
tigations. 

Dr, J, KLOSTEFMEYER : The magnitude of the horizontal drift velocity in the range 50-150 m/sec is typical 
for so-called medium scale ionospheric disturbances observed by various authors in the mid-latitude F- 
region. Today it seems to be generally accepted that these dinturba-ces are produced, by atmospheric gravi¬ 
ty waves. The interpretation of the equatorial phenomena mentioned ny Dr, Rottger ..nd Dr, Nielson in terms 
of gravity waves is made more difficult by the fact that a gravity wave propagating alorg the magnetic 
west-east direction causes only relatively small ionization changes at the dip equator. However, this dif¬ 
ficulty would not arise if the horizontal direction of wave propagation differs from the magnetic west- 
east direction by several degrees. 

From the horizontal extent of a few hundred to 1 OOG km and the horizontal velocity range vi can 
estimate possible time scales uetvecn twenty and u few hundred minutes, which agree well with the period 
spectrum of gravity waves ip the F-region, 

The rate of energy dissipation of atmospheric gravity wives dr-mends xorgely on period, wavelength, 
and direction of propagation. Ionospheric disturbances have often been observed to travel distances bet- 
■teen several hundred and several thousand kilometers. The disapp-arem. e of the cells withir. 30-00° longi¬ 
tude is therefore consistent with possible dissipa't-on rates of gravity waves. 
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j Dr. J. ROTTGER : In addition to the interesting explanations of Dr. Nielson, I want to point out that 

| periodical structures in the equatorial ionosphere recently have been observed by Yeboah-Amankwah and 

I Koster in Accra £ "Equatorial Faraday Rotation Measurements on the Ionosphere Using a Geostationary 

| Satellite” published in : Planet. Space Sci. 20, 1972, pp. 395-^08 These observations indicate reaso- 

j nable oscillations of the total electron content in the evening hours. The quasi-periods of these oacil- 

■ lations are in the range of approximately 30 min to a few hours and are assumed to be originated by a ho- 

j rizontal drift of plasma inhomogeneities in the ionosphere, A typical size of these inhomogeneities is 

j about 530 tan assuming a plasma drift velocity of 120 a/sec. The results obtained by oblique-incidence 

sounding between Lindau and Tsumeb are in sufficient agreement with these observations of Yeboah-Amankwah 
end Koster, 

Dr, K, DAVIES : One of the difficulties concerned with the gravity wave explanation of equatorial irregu¬ 
larities propagation along the magnetic equator is that a gravity wave cannot move the electrons across 
the geomagnetic field (i,e, vertically). 

Dr. J. HOFTGER : The geographical distribution of the observed side reflection areas indicates a maximum 
of occurence in the west African zone between about 5° N and 20° N, In this area the magnetic declination 
is about 5° to 15° westerly deviation. This means that east-west propagating inhomogeneities are not pro¬ 
pagating perpendicular to the earth’s magnetic field. 

In the east African area the declination is between 0° and 5° Vf and the perpendicularity which may 
restrict eastward drifts is performed earlier in this area. Irregularities east of the path Lindau-Taumeb, 
located in the east African area, occur much less than irregularities vest of the path. This result seems 
to be in agreement with the depicted difference of the declination east and west of the path. 

Dr. H. RISHBJ2TH : Concerning the irregularities in the eq'idtorial F region at sunset, 

1, -1 cannot comment on the production, scale size or periodicity of the irregularities, but I 
think that the combination of 

a) the supersonically moving sunset, 

b) large horizontal gradients of electron density associated with sunset, 

c) crossed electric and magnetic fields might well favour instability phenomena, 

2, - Once the irregularities are formed, then they car be moved acresB the magnetic field by an 
electrostatic field. The irregularities would move with the background ionization, I have a theory of how 
the required electric fields can be produced (indirectly by the action of thermospheric winds) though the 
theory is admittedly controversial, 

3, - In think that, given the existence of irregularities the electron density and airglow data 
hang together nicely. The lifetime of the irregularities may just be similar to that of the background 
ionization - a few hours, 

C.F, P. HALLEY : La region ou l'equateur magnltique franehit et s'ecarte de l'equateur gSographique, au 
sud du Senegal, est particulierement ivreguliere de nuit, C'esi ainsi que 1’on constate a partir de Dakar 
dea difficultes de radiocommunication en H,F, vers le golflede Giinee ou vers Madagascar, La liability des 
communications est particulierement mauvaiae dans une certaine Vande s.e frequences (par exemple, entre 
9 et 19 MHz) meme si on utilise des antennes omni-directionnelles ou faiblement directives. 
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Session V 

Stannaries, Heccronendations and future investigations 
Session cliairman : Prof, J, ULU.OUL 


Comment of Prof, H. VOLLAHU reporter of subsea3ion I A : " Acoustic gravity waves in the neutral terres- 
trial atmosphere. Natural sources and propagation". 

In this first sub-session, seven papers were presented dealing with the natural excitation and the 
propagation of acoustic-gravity vaves vithin the lower atmosphere. Five of these papers were theoretical 
papers vnereas two of then presented experimental work on the propagation of infrasound vaves excited vi¬ 
thin the auroral zones. It appears to me that this ratio between the nunbers of theoretical and experimen¬ 
tal papers is symptomatic of the present stage of knowledge of gravity wave propagation. 

Let me recall the general problem with which we are faced. Given is some natural event-earth quote, 
tropospheric weather disturbance auroral display etc, - which is supposed to excite acoustic-gravity waves. 
This source nas some spatial and temporal distribution and acts like a generator transmitting a spectrum of 
acoustic-gravity waves into the surrounding atmosphere. The "radiation characteristic" of such disturbance 
can be represented by a function g (t) which depends not only on time t but also on the local distribution 
of the source and on the radiation angle, The atmosphere on the other hand behaves like a dispersive ar.d 
anisotropic wave guide which can be described by a transmission function F (o, w) where p is the distance 
from the source and u is the angular frequency of the spectral range considered, F of course depends also 
on the azimuth, the radiation angle and the time. At the input of a receiver we observe some fluctuation 
h (p, t.) resulting from the source g and deformed by the dispersive atmosphere in between, 

If the observed wave structure has snail amplitudes so that perturbation theory is a sufficient 
approximation and if the temporal variation of the atmospheric wave guide is slow compared with the periods 
of the waves considered we can on principle apply linear system theory and the method of the superposition 
of harmonic waves. Fortunately - as we saw in this meeting - this is possible in many problems of acoustic- 
gravity wave propagation. 

It is well known from system theory that in order to relate source g and received signal £ we have 
tj transpose these functions into their frequency domains by a Fourier-tran3formation obtaining g* (w) and 
h (p, w). Then the relationship 

h* (p, w) = g 1 (w) F (p, w) (1) 

holds, and from a re-transformation into the time domain we get 

h(o, t) » /" g* M F <o, u,) e ~ Jut du (2) 

Depending on the bandwidth of cur receiver we obtain at its output a signal which either approaches 
(l) or (2) or a value in between. 

In the papers by Pierce and Warren the first step had been done to determine the source function g 
from some realistic natural event.. Liu on the other hand studied quite generally the response of the iso¬ 
thermal atmosphere to an unspecified source. It means he solved F and h for some given <v, Georges finally 
doing ray approximation obtained the transmission function F for any realistic lower atmosphere. 

The theoretical papers in this sub-session therefore cover fairly well the matter outlined above. 
Here, the transmission function F of the lower atmosphere appears to be rather well understood. However, 
appart from the announced papers by Gossard and Katz who unfortunately did not attend this meeting, there 
was no experimental paper presented here which dealt with gravity wave propagation vithin the lower atmo¬ 
sphere, Obviously experiments of this kind are necessary to confirm or to disproof the theories and parti¬ 
cularly to locate and identify the natural sources of gravity waves. Up to now there is indeed a nearly 
complete lack of knowledge about the kind and the structure of the natural source function h in the case 
of gravity waves. 

People dealing with acoustic waves are luckier in this respect, iierc the transmission function F is 
much simpler, Specifically, the atmosphere behaves nearly isotropic and non-d.ispersive with respect to a- 
coustic waves, and ray tracing is in most cases an excellent approximation. Moreover, due to their small 
wave lengths, direction finding techniques for acoustic vaves can be used in order to locate the sources. 

Cook did calculations of the excitation and tie propagation of infrasound waves, and Wilson ana 
liszka located infrasound waves within two different spectral ranges and identified them as caused within 
the auroral electro jet, Here, the paper by Wilson cones nearest to our idea^ conception in (l), From the 
observation of h vithin a narrow spectra-’* range he determined and located g assuming e teown function F, 
Then he presented a physical explinatior. of the source g. 

From this and the following sessions, I would like to draw the conclusion that ve neeu simultaneous 
measurements of selected natural events within a wide range of frequencies and various locations within 
lower and upper atmosphere, using different techniques, in order to locate and to identify the natural sour¬ 
ces of gravity vaves and to close the gap which I outlined above. 
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Comment of Dr, D.L. MURPHY , reporter of subsession I B : "AcouBtic gravity waves in the neutral terrestrial 
atmosphere. Artificial sources and propagation^', 

I will confine my remarks to lov altitude nuclear detonations as sources of acoustic-gravity waves, 
All the papers in Sub Session IB as well as a number in other sessions dealt with this topic in one way or 
another. 


Consider first the various types of .ionospheric disturbance which result from the detonation blast 
wave, A portion of the blast wave, which does not reach the ionospheric level, is responsible for exciting 
the Lamb mode as described by Dr. Posey and Prof. Pierce, This mode has a maximum amplitude on the ground 
and decreases exponentially over a distance of about 10 km. Thus the amplitude is a factor lO"* 1 * less at 
100 km than it is at the ground. For this reason, as noted by Dr, Balachandran, it would not seem likely 
that this mode is responsible for disturbances in the ionosphere. The possible exception would be when the 
Lamb mode ean couple to some other mode which propagates at higher altitude. The main lesBon to be learned 
from the Lamb mode analysis is simply that, in this one particular case, one nay replace the usual guided 
modes GR , GR^, S Q , 3 , etc, by a pseudemode, namely the Lamb mode, and that analysis in terms of this 
pseudemoae is far easier than in terms of the guided modes. One need not resort to involved numerical cal¬ 
culations ; in fact, back-of-the-envelope engineering type estimates are possible. One should definitely 
attempt to apply this pseudomode concept to other modes which may propagate at higher altitudes and which 
may produce observable ionospheric effects. These other pseudomodes are presumably related to the ducting 
properties of the atmosphere and ionosphere and their dispersion curves should be composed of segments of 
the guided mode dispersion curves. 

For the portion of the shock which does reach the ionosphere Prof. Berthet has calculated the non¬ 
linear effects on the ray paths, T n a sense his analysis is the opposite of what has been uone by a number 
of other people, for example by Wlitham, Whitham includes several nonlinear effects not contained in 
Berthet's analysis, most notably the effects of ray tube divergence and convergence on the pulse amplitude. 
However, Whitham uses the ray paths of geometrical acoustics. An analysis which treats nonlinear effects 
on both ray paths and amplitudes in a self consistent fashion would be desireable. 

Also regarding Prof. Berthet's paper, I wonder what the relation of his "ring of sound" is to the 
numerical results of Greene and Whitaker, some of which were shown in the paper by Dr, Kahala,s and myself. 
The same region cf space seems to be involved in both cases. In both cases it is a region of highly non¬ 
linear hydrodynamics which acts as a secondary source of acoustic disturbance. There is a major difference 
in interpretation however. Prof. Berthet regards this region as a source of waves of perioi less than a 
minute, Greene and Whitaker regard their region as the source of gravity waves with periods in excess of 
10 minutes. Obviously clarification and reconciliation of these points of view would be desirable. 

Now, as to the short period disturbances which are observed in the ionosphere, Dr, Balachandran 
and Dr. Kahalas and myself both presented doppler data obtained by Baker and Davies, We both noted that 
these short period ionospheric disturbances are probably due to partially ducted acoustic modes beneath 
the ionospheric level, I made the point that the period of this disturbance was approximately equal to 
the period content of the shock at the base of the ionosphere and suggested a yield scaling law for the 
periods. It would be worthwhile to examine this doppler data or other similar datr to see if any scaling 
law3 for the period variation with yield, rai'-ce, wind direction, etc, are in fact apparent in the data, 
llnpirical scaling lavs could be of great aid in formulating nuclear source and propagation models. 

Finally, we ccne to the question of the rising fireball as a source of acoustic-gravity waves in 
the ionosphere. Both Prof, Pierce and Dr, Kahalas and myself have put forth gravity-wave excitation models 
based on buoyancy oscillations at the fireball stabilization altitude. Dr, Lomax raised the question as to 
whether or not real fireballs perform this type of oscillation. This question really has not been answered, 
A related question which may shed some light on this is : what kinds of acoustic-gravity oscillations are 
produced by naturally buoyant elements such as thunder clouds 7 

Even if fireballs do oscillate, this does not necessarily mean that they ore a source of widespread 
ionospheric perturbation, A ray tracing program applicable to long periods, such as Dr, Georges', could be 
used to determine the region of the ionosphere affected by a source of waves of period comparable to tne 
Brunt-V&jsola period and located at the tropopauce, Presumably the wavelengths produced woulu be the order 
of the stabilized fireball dimensions. 


Comment of Dr, K, DAVIES, reporter of session II : "Coupling between the ionized atmosphere and the neu¬ 
tral atmosphere perturEed by acoustic gravity waves”. 

There ore two aspects of the meeting on which I have been asked to comment viz : (I) The theory' 
of the interaction between atmospheric neutral notions and the notions of the ionized gas and (P) Attempts 
tc identify specific natural sources of ionospheric wavelike disturbances, I am indebted to 
D*s Klostermeyei and Liu for ideas concerning the theory, 

1. Theory of neutral-ion gas interactions. 

Most theories on the interaction between neutrals and ions caused by' the passage of gravity waves 
through the atmosphere have dealt with the problem in two parts. First, the notions of the neutrals are 
solved and second, these motions are inserted into the equations of motion of the neutral-ion gas, Tnis 
approach is mathematically simple, it gives physical insight into the interactions involved and it has 
proved a valuable guide. 

How in practice the induced ion motion reacts ard modifies the neutral motion, hence, any major ad¬ 
vance in this area will require that the coupled liydrodynamic and ion equations of motion be solveu simul¬ 
taneously in a self-consistent manner. In particular, certain non-linear effects should be included because 
certain parameters (e.g., the diffusion coefficient) are modified by the passage of the atmospheric wave, 
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Also the coupling of energy between various types of waves (viscosity, heat conduction, gravity, etc,) 
should be included. 

Inclusion of all these features will make it difficult to assess the importance of any one physi¬ 
cal factor. Hence, in order to obtain some insight into the dominant physical processes it will be neces¬ 
sary to repeat the calculations many times, each time eliminating one term in the system of equations. 

Some of the more important terms are listed in Table 1, 

One other aspect which should be encouraged is that theory and observation should advance in step, 
2, Sources, 

Although there is much to be elucidated in the propagation of atmospheric waves, there is a big¬ 
ger void in our knowledge of the locations and characteristics of the sources of these waves. In this 
area there is room for both theory (source modeling) and observations. Both aspects have received some 
dicussion in this meeting, natural sources of acoustic-gravity waves in the ionosphere include the jet 
stream (Cook), auroral electrojet (Uilson), oscillation of air masses and thunderstorms (pierce and Moo), 
large scale air motions near the tropopauBe (Goe) and the sun (Bowman), 

Source modeling, in which the response of the atmosphere to different sources is calculated, 
would be invaluable for comparison with experimental data, This applies to both artificial as veil c.3 na¬ 
tural sources. 

The effect of source location on the characteristics of ionospheric traveling disturbances is 
shown by the calculations of Chang, He shows that for gravity-wave sources in the troposphere, the iono¬ 
spheric disturbance can only propagate near the asymptotic limit. This is confirmed by radio techniques, 
Chang also shows that the temperature profile is important in determining the periods of gravity waves 
penetrating to the F region. The troposphere is an important (if not the most important) source of acous¬ 
tic and gravity waves in the ionosphere. Hence one must consider the entire atmosphere, between the le¬ 
vels of the source" and of observation, in attempting to explain the ionospheric effects. 

It may be of interest to note that for acoustic waves at a given height in the upper atmosphere, 
the ground range to a source in the lower atmosphere is a unique function of the horizontal trace speed, 
i.e., for a given atmospheric model. Thus, spaced transmitter (or receiver) measurements can be used to 
determine the source locations of acoustic waves. 

As mentioned above, we know more about the propagation of acoustic-waves than about their sources. 
Hence, it is appropriate to make use of observations, together with suitable atmospheric models to deter¬ 
mine the characteristics of the sources, e.g.^ jet streams, aurora, solar, thunderstorms, etc. In parti¬ 
cular, more definitive studies should be made on effects of large scale weather patterns of the type of 
study initiated by Mrs Goe, Bowman's data may indicate a direct relationship (cause and effect) between 
gravity waves and spread F, However, it is more likely that these are independent manifestations of an 
underlying solar influence. 

The importance of winds in the propagation of gravity waves cannot be overestimated. Hence one of 
the most pressing needs is for realistic height profiles of neutral winds, A given wind has a much greater 
effect on gravity waves than on acoustic waves, because the latter have larger phase velocities. One con¬ 
sequence of this is that winds cause the forbidden frequency range between the acoustic cutoff frequency 
and the Brunt-Vaisala frequency to decrease or even disappear. 

Finallyj I should like to point out that the term "gravity wave" iB rather unfortunate and that 
a more descriptive work would be "buoyancy wave" . The reason for this is that in any wave propagation 
there must be a restoring force. In the case of gravity waves the restoring force on a parcel of gas is 
the difference between the weight of the parcel and that of the displaced air, 


Table 1 

Important terms in atmospheric neutral-ion coupling 
Neutral Ion 


(I) Gravity (or buoyancy) 

(?) Pressure 

(3) Ion drag (periods > 1 hour) 

(h) Viscosity 

(t>) Heat conduction 

(6) Winds and critical levels 

(T) Coriolis force "..'hen winds reduce 

the intrinsic frequency t.o near zero 


(a) Motion induced by neutral motion 

(b) Diffusion (at great heights) 

(c) tlectric fields 

(d) Production ana loss (in FI layer) 

(e) Hydromagnetic coupling 


Comments on session III : "Hsdioelectric studies on acoustic gravity waves it, the neutral arid ionized 
atmosphere 11 ". 

Prof, i, HAN-1 : I would line to consider the Cession III contributions having some direct concern with 
problems of telecommunication from one nai.d and of radiolocation of beyond the horizon targets from the 
other hand. 

The general problem is that of evaluating the influence of the acoustic gravity waves on the de¬ 
termination of the azimuthal, and vertical angle of arrival of signals or of the backscattered echoes anu 
of the distance of the backucattering target. 
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I must refer first to & paper which vu.<* presented at the Session IV j that in the paper n° 3 ,? by 
P, George (on ray tracing of gravity wave profile®), which very clearly shows the relationship between the 
structure of the ionospheric disturbance and the above indicated parameters. 

On the ground of cur present knowledge, it seems that, from the application point of view the 
more important ionospheric disturbances are those generally classified as mediua-aeale T.,I,D,a 5 but on 
my opinion, ve should have to assume that this category does include T.I.D,s with periods up to about 
60 minutes (according to the Hunsucker paper, the upper limits should be 1*0 minutes). 

What are then the best experimental procedure which can provide useful information about the 
T.I.D, structure, on the ground of which to calculate the bearing and distance errors ? 

The papers, which are more or less directly concerned with such problem, are the following. 

The paper n° 28, presented by A,D, Morgan (on the effect of ionospheric disturbances on the bea¬ 
ring of incoming akyvaves), not only shows that the bearing measurements may give useful information on 
some characteristics of T.I.B.a, but it also provides data of direct interest for ionospheric radio com¬ 
munication j that is the link degradation due to the bearing deviation when use is made of highly direc¬ 
tive arrays. 

The paper n° 29, by R.F, Treharne (on ionospheric tilt measurements near the magnetic dip equator) 
shows that the tilt measurements in the vertical direction by means of an interferometric device may alBo 
provide important information on some T.I.D, characteristics. 

We have then to consider also the methods based on the measurements of the variation of the arri~ 
vai angle of signals propagating along an oblique path passing through the ionosphere j the paper n° 27, 
by J, Litva is concerned with such kind of determination, which was carried out by observing the emission 
on 51.7 MHz from localized sources on the sun surface j a limitation of the general validity of this method 
may probably derive from the fact that sometimes more than one gravity wave system are present at diffe¬ 
rent ionospheric levels and with different characteristics. 

The paper n° 2k by R, Hunsucker (on narrow-beam HF radar investigations of mid-latitude ionosphe¬ 
ric structure and motion) shows that a very fine ar.d retailed knowledge of the T.I.D. structure and move¬ 
ment is obtained by means of a sophisticated 10 ’ backscatter sounder, which due to the use of a very large 
antennae array, may simultaneously scan in azimuth and elevation, with beamvidths of 2 °- 3 ° in azimuth and 
of 3°-k° in elevation. 

In conclusion, it seems that future vorl^be “'conveniently directed to the development of the pro¬ 
cedure reported on paper n° 32 by P, George, by introducing new T.I.D, nodela as deduced by means of sui¬ 
table sounding methods. These methods may have not necessarily to require such expensive ana sophisticated 
equipment, like the narrow-beam HF radars, or incoherent backscatter sounders, It seems that a combination 
of some simple experimental procedures may provide very useful date i.e.a conbina.ion 01 bearing in an obli¬ 
que or vertical path and of vertical sounding (fo I* - profiles) at the ionospheric reflection zone. 

To the important purpose of determining the mechanism of the acoustic-gravity wave generation and 
the location of the source, it appears that vertical soundings to be carried out in many places may be 
very useful ; this is shown by the 6 hort note presented by I, Panzi cud P, Giorgi, 

Dr. H. RlbHBETH : The detection of gravity waves in the lower ionosphere or mesosphere is difficult, but 
it is possible to use the ionization as a ’tracer 1 for the neutral air. Thus Glass et al. (paper 23 ) made 
use of meteoric ionization for a radar experiment which studied wave motions of 2-8 hour period, 15-30 km 
vertical wavelength at 75-105 km altitude, Perona (paper 2?) observed VLt transmissions, reflected obli¬ 
quely from heights around 70 km, and occasionally detected wavelike disturbances *>ith periods of tens of 
minutes. The interpretation of these phenomena is likely to be very complex, involving both chemical ana 
dynamical processes. 

Two papers dealt with artificial sources of acoustic-gravity waves, Rao (paper 26) described how 
an HF doppler sounder, about 1 kOO km from Cape Kennedy, aetected waves in the iorosphere following the 
launching cf Saturn-Apollo spacecraft. Liszka and Olsson (paper 30) described Swedish experiments with 
supersonic aircraft, whose trajectories can be chosen in such a way as to cause focusing of the shock 
waves. Infrasound waves (2 Hz) were observed to be reflected from about 30 km altitude, a:u ionospheric 
effects at around 100 km altitude were studied by means of an HF sounder. It was found that the distur¬ 
bances travelled up to the ionosphere more rapidly than expected, and also that sporadi" S patches ap- • 
peared during the experiments. 


Comments on Session IV : "Influence of acoustic gravity waves on the propagation of electromagnetic waves". 

Dr. H, PALMER : Adequate summaries of the contents of the papers in the first half of nession IV are cove¬ 
red m the abstracts. Hence, I will confine my remarks to a few very general observations as follows : 

1) A theoretical understanding of HF radio paths in the presence ol’ ionospheric irregularities uue to 
AGWs can be accomplished through ray-tracing (paper by p, Georges) or approximate full-wave analysis 
(paper by H. Raemer), Both of these approaches can be very effective when irregularities are on a scale 
that is large in terms of wavelength. When the scale of these irregularities becomes comparable to a 
wavelength ray-tracing begins to lose its validity ana valid approximations to full-wave sciuticrs be¬ 
come more difficult to implement without prohibitive expenditure of computer time. It is ,n this aomair, 
that standard theory becomes least trustworthy in enabling preaiction ci effects. 

There is perhaps a need for more theoretical and experimental approaches that cover this parameter re¬ 
gime. 









2) The use of cubnicroseoond pulset; to probe the ionosphere (paper by 0, t.wrfalu, II, Jurgens anu 

J. Joue.lyn) provides the kind of resolution needed to determine the fine structure and movements of 
T.I.D.'s, from which their effects on radio propagation can be assessed. The paper by R5ttger demons¬ 
trates certain interesting effects on hF propagation of ".I.D.'c h:,th parallel and trarsverse to great 
circle paths. The paper generated a certain amount of controversy ot er the causes of T,l,D,'s propaga¬ 
ting along the magnetic equator. This is discussed elsewhere in the program and will not be elaborated 
upon here, 

3) The question of relevance of the work reported here to the needs of the communication engineer vas rai¬ 
sed during the question period. There seems to be no completely satisfactory answer to this question. 

The results obtained by ionospheric scientists cannot in every case be immediately translated into in¬ 
formation directly useful to coomuni oat ions engineers. What is necessary (as remarked in another session) 
is to have a group of workers who bridge thi ( ;ip between the study of ionospheric propagation as an end 
in itself and the Knowledge needed by the communications engineer to design his systanE, tiuch workers 

do exist, but perhaps there is need for more such liaison activity. 

In analyzing and designing digital communication systems, the engineer usually needs to know such items 
of the propagation medium as multipath spread, coherent bandwidth, probability density functions of 
fading and spectrum of fading. Ideally, he would like to have a randomly time-varying impulse response 
of the propagation medium which contains most of the above information. The difficulty is thet all of 
these items are "ahort-term" statistical in nature (i.e«, they involve random processes that are rou¬ 
ghly stationary for only a few minutea). When he looks at results obtained by ionospheric scientists, 
he must usually do a great deal of work relating statistics of diurnal, seasonal anu possibly geogra¬ 
phical variations, as reported in the ionospheric science literature, to the kind of short-term statis¬ 
tics he needs for his design work. This problem could be alleviated by the sort of liaison work allu¬ 
ded to above, which would be best pej formed by people whose interests and knowledge straddle the boun¬ 
daries between ionospheric science and communications engineering. 

Dr, D, NIEL30N : This part of the review of Session IV will be concerned principally with the second part 
of the session j namely, that associated with nuclear-burat-produceu vavOB, First one might logically ask 
what AGW data from nuclear bursts have to offer the general field of atmospheric wave propagation. In ans¬ 
wer it seems apparent that at points remote from the burst where the wave is sonic, there exists a consi¬ 
derably simplified wave behavior as compared to many natural, sources. While much of the nuclear test data 
on AGW's has yet to appear in the literature in an easily usable form, both general behavior (e,g,, the 
effect on ionization profiles) and data for more detailed scalings sire available. It would appear that if 
we fail to understand the basically simpler neutral wave from the nuclear burst, including how it couples 
to the ion gas, we will not understand the multiplicity of natural waves with their more complex sources 
and overlapping effects. 

The study of nualear-burst-produced AGW's may be classified into (1) analysis of wave mechanics or 
diagnosis of the meditur. and (2) predictive models. Considering the former we have seen in this session 
that the type of waves generated, that is the mode(s) into which energy is coupled, are substantially in¬ 
fluenced by the available energy of the burst and its altitude. That a 720 m/sec principal (fast) wave 
from the low altitude French test appeared supersonic (decreasing velocity with distar.ee) while an 
800 m/sec wave from the U,S, high altitude test appeared linear, should not be considered contradictory. 
Similarly, when, both low and high altitude tests generate multiple waves (in this case two) it should not 
be concluded that the second or slower waves have a common origin or propagation altitude. We are, of 
course, hampered in our analysis by proper source models without which it is difficult to stipulate the 
propagating ray (energy) path. This is particularly evident at higher altitudes. 

It was evident from the remarks of Pr, Broche and Capitaine Halley a- well as from the U,S, results, 
that predictive methodologies must necessarily contain empirical scaling. This empiricism reflects our in¬ 
complete understanding but nevertheless allows us to match what limited observations exist. Furthermore, 
calculational models that ere in part empirical normally permit more rapid and economical estimates of 
communication effects. Quite obviously, however, limited test data and observation points do not permit 
scaling or extension to all possible situations. Therefor*., as theory is developed which can extend the 
calculational model, such increased capability should lie incorporated. 

An effect that has not received theoretical attention at this conference but which is of critical 
interect in the vicinity of high altitude nighttime bursts, is the possibility of altered chemistry during 
the passage of a wave. Such alteration may arise either from the movement of an ion to regions of diffe¬ 
rent reaction rates or by elevated pressure and temperature forming metastatic ion states having substan¬ 
tially different capture crossection, Whether natural waves can impart this type of non-linearity is not 
known. 


We have seen that AGW's can affect communications in two ways : (l) altering the propagating radio 
spectrum between two points, and (2) changing the distortion of the communication signal-, Both the French 
and the U.S, tests illustrated each effect. Spectrum loss on the low altitude French tests was curiously 
in the middle of the preshot spectrum whereas those for the high altitude teste were generally from the 
upper end. Distortions to the received signal in the form of Doppler and time delay spreads were seen to 
be of some consequence on large amplitude AGW's whereas tney are of limited effset for smaller or low alti¬ 
tude bursts. 

Finally, of general interest is the observation that AGW's may be one means of triggering and per¬ 
haps sustaining the inhomogenieties that wo loosely term spread-F. This was evident both in a paper by 
It. Bowman as well as in the data from the U,b. high altitude tests. In both instances there appeared to 
be a requirement for an appreciable component of the earth's magnetic field to be perpendicular to the 
acoustic wave normal. These observations may have significance both in arbitrary AGW horizontal direction 
vectors at high latitude and for cent-vest or vert.ca.1 propagation at the dip equator. 
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